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ABSTRACT
The primary objective of this dissertation is to inform about the single crystal
growth of complex first and third row transition metal oxides via molten flux methods.
Particular focus is given to complex oxides that contain transition metals with unpaired
electrons. This fundamental research is motivated by a singular question: What can a
critical analysis of chemical structure elucidate about magnetic order in oxide materials?
Throughout the eight chapters of this dissertation, including an introductory chapter, this
structure-property relationship will be investigated. These seven chapters will be
organized into three parts, each corresponding to the general structure type of the family
of oxides being studied.
Part one is dedicated to the discussion of structural and magnetic studies of
complex platinum group metal (PGM) containing perovskites, encompassing chapters 25. Chapter 2 focuses on the design, crystal growth, and magnetic investigation of a series
of monoclinically distorted double perovskite iridates. In this study, double perovskites
serve as ideal host structures to study how changes in monoclinic distortion affect
magnetic order. Chapter 3 discusses a follow-up study of the iridates studied in chapter 2
using powder neutron diffraction, synchrotron X-ray diffraction, and Density Functional
Theory (DFT) calculations to determine the magnetic structure of these iridates.
Specifically, this study seeks to explain the determined magnetic structure through a
critical analysis of the crystal structure.
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Chapters 4 and 5 investigate the synthesis, characterization, and magnetic
property measurements of triple and quadruple perovskites, focusing on how
perturbations in the local symmetry environment of magnetic cations affect the electronic
structure. More specifically, chapter 4 outlines the role of site-disorder in a polar, noncentrosymmetric triple perovskite with semiconducting properties and near room
temperature magnetic ordering. Chapter 5 focuses on a quadruple perovskite that
possesses the coexistence of Ni(II) and Ni(IV) with direct metal-metal bonding between
Ni(IV) and Ir(V). Analysis of the resulting electronic structure from direct metal-metal
bonding is discussed to understand the observed magnetic properties.
Part two will center on structural and magnetic studies of complex PGM
containing perovskite-related oxides, encompassing chapters 6 and 7. Chapter 6 discusses
a series of 2H-hexagonal perovskite-related oxides. This study elucidates the chemical
structure of a family of incommensurate oxides using magnetic property measurements.
Chapter 7 focuses on a series of layered perovskite-related oxides that provide insight
into Ir(IV)-Ir(IV) super-superexchange, in addition to being a versatile host structure to
test how changes in magnetic lanthanide ions affect magnetic order.
Part three will include chapter 8, the final chapter of this dissertation. This work
examines two diferrite structures of the family BaO-nFe2O3, to which the multiferroic
hexaferrites belong. Both materials crystallize in a novel structure type, magnetically
order higher (870 K) than even the commercially used hexaferrites, and were studied via
neutron diffraction to discern their magnetic structure.
.
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CHAPTER I
INTRODUCTION TO STRUCTURE-PROPERTY STUDIES OF FIRST
AND THIRD ROW TRANSITION METAL CONTAINING OXIDES
GROWN VIA MOLTEN FLUX METHODS

1

Motivation
Increasing societal demands for rapid technological growth continue to drive solid
state chemistry, which for decades has been at the forefront of both applied and
fundamental research. Life in the 21st Century is suffuse with technology, and at first
glance the effects of applied research, with current examples, such as the miniaturization
of cell phones, the continual improvement of battery life, and the rise in use of
photovoltaics, is very easy to see. In this ‘application-driven’ modern era of instant
gratification, the benefits of fundamental research are often undervalued, yet are integral
to scientific progress. This is demonstrated in everyday life in the common question all
graduate students and post doctoral workers in fundamental research receive from friends
and family in the non-sciences, “So what is the practical application for that?”
Technological progress is attained through the search for novel and improved materials,
and this is achieved, in part, through solid state chemistry, in the form of materials
discovery. The diversity of scientific challenges that come with material discovery and
optimization has been well met by the innovation of material chemists, engineers, and
physicists, leading to advancements in a number of areas such as information storage,
catalysis, solid state lightning, superconductivity, multiferroics, electrical and ionic
conductivity, permanent magnets, and chiefly, energy.
The broad field of energy, in particular, has garnered significant attention due to
increasing global energy demands for clean, renewable energy sources, such as
photovoltaics, fuel cells, and piezoelectric materials. Current piezoelectric materials are
primarily used to power small devices and sensors, or charge low capacity batteries,
despite possessing high power densities relative to conventional electric generators1.
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Only over the past decade has the field branched into larger scale applications such as
using piezoelectric nanowires under flooring in areas of dense foot traffic, such as dance
floors and subway stations.2 The chief problem facing the advancement of this field lies
not in performance or efficiency issues, but rather in the discovery of novel materials
with improved capabilities, as current commercially available piezoelectric materials
were discovered decades ago.3, 4
The bottleneck to technological advancement for many fields, not just
piezoelectric materials, lies in novel material discovery. Nearly all commercially viable
piezoelectric materials are simple ternary ceramics, and were discovered serendipitously.
The unintentional discovery of materials with technologically useful applications is a
great strength of fundamental research, but will not solve the scientific problems of the
future alone. For fundamental research to continue to meet modern society’s
technological needs, serendipitous discovery must exist in tandem with the development
of a rational synthetic methodology for the intelligent targeting and ‘design’ of novel
materials with superior performance, with piezoelectric transduction serving as just one
example.
This is a formidable task easier said than done, but the primary way material
chemists approach this daunting task is through expanding general knowledge for a given
property through structure-property studies. Although simple in its conception, designing
a structure-property study requires significant preexisting knowledge about the chemistry
of the elements involved, the studied structure type, and the property under investigation.
For example, the structure-property study under investigation in chapter 2 involved
preexisting knowledge of transition metal oxide chemistry, the double perovskite
3

structure type, and basic knowledge of how magnetic order has been previously reported
to change with monoclinic distortion. Therefore, before proper structure-property studies
can be conducted, a wealth of general knowledge that only arrives from exploring phase
space must be acquired.
Exploratory flux crystal growth remains one of the strongest tools available to the
solid state chemist to explore the chemistry and phase space of virtually any element on
the period table, and is largely considered the backbone of all fundamental research. The
diversity of this method is well suited to tackle the ever-increasing innovation needed for
the discovery and improvement of technologically useful materials, and serves as one of
the leading methods for single crystal acquisition.5,
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While a thorough and complete

study of any given material requires multiple forms (e.g. single crystals, polycrystalline
powders, thin films, etc.), single crystals are essential for definitive structural
information. In addition to structural information, single crystals allow for the possibility
of studying magnetic and electronic properties without the interference of grain
boundaries or loss of anisotropic data present in powder data. For these and other reasons,
the synthesis and physical property measurements of single crystals are routinely
conducted, and are the focus of this work.
As more materials with unique or improved properties are discovered and
published every year, it is clear that exploratory crystal growth must meet this challenge
with a variety of synthetic techniques and conditions. Fortunately, the study of complex
oxide materials is well complemented by exploratory crystal growth, as they possess
great structural diversity, and are synthesized by a wide range of synthetic techniques.
The structural diversity of complex oxides makes them ideal candidates for host materials
4

with new and improved properties, as virtually every element on the period table has
been crystalized in an oxide, resulting in a wide myriad of physical properties ranging
from optoelectronics to magnetic materials.
Complex oxides containing magnetic ions with unpaired electrons, particular dblock elements, have been shown to exhibit some of the most technologically useful
properties, such as multiferroicism,7, 8 giant magneto-resistivity for RAM and hard drive
storage capacity,9 high temperature superconductivity,10 and high coercive fields for
permanent magnet applications.11 Notwithstanding the great benefit these properties can,
and in many cases currently do, provide to society, there is an alarming lack of
fundamental knowledge about how magnetic order manifests itself in oxide materials.
The pursuit of augmenting our tenuous grasp of this elusive field is certainly not unique,
as extensive research is conducted every year by a collective effort of solid state
chemists, engineers of various disciplines, and condensed matter physicists both at
academic institutions and National Laboratories around the world12–36. Despite these
exhaustive efforts, many questions still remain, and more fundamental studies are
necessary to reach a state of scientific proficiency such that the rational design and
synthesis of novel materials with finely tuned magnetic properties is achievable.
Magnetic Properties and Characterization
The design of a structure-property study for the investigation of how changes in
chemical structure will affect magnetic order requires some degree of a priori knowledge
of how magnetic order is achieved in oxide materials. Magnetic properties are commonly
divided into five distinct categories: diamagnetism, paramagnetism, antiferromagnetism,
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ferrimagnetism, and ferromagnetism. Diamagnetic materials oppose applied magnetic
fields through the precession of their electron containing orbitals around the applied
magnetic field direction. This is due to the electrical charges within the material partially
shielding the interior of the material from external magnetic fields. All materials possess
the property of diamagnetism, but this is a weak effect that is dominated by most other
types of magnetic ordering, and thus only materials that contain atoms with zero unpaired
electrons are referred to as diamagnets.
Paramagnetism, by contrast, is the simplest type of magnetic property available to
materials that contain partially filled electronic shells with unpaired electrons. This
property is best understood by envisioning an ensemble of non-interacting magnetic ions
within a material, each with magnetic moments that are free to precess in any arbitrary
orientation due to quantum fluctuations. In the absence of an applied magnetic field, due
to the random orientation of each of the magnetic moments, there is no net magnetization.
Upon application of an externally applied magnetic field, the magnetic moments begin to
align themselves along the field direction, resulting in a small, yet positive net
magnetization. A linear increase in magnetization is observed as the strength of the
applied magnetic field increases until the magnetization saturates at high applied fields,
and this is due to the fact that more magnetic ions are aligning with the field, and the
magnetic ions are not interacting. If instead the temperature is increased, and the applied
magnetic field is held constant, a reduction in magnetization is observed. This is expected
because the ability of magnetic ions to align with the applied magnetic field can be
disrupted by thermal agitation, which results from increased kinetic energy in the
material. Therefore, magnetization is inversely proportional to temperature, and this
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known as the Curie law of paramagnetism. A representative example of magnetic
susceptibility plotted against temperature for a paramagnetic material is shown in Figure
1.1.
Antiferromagnetism is the most commonly reported type of magnetic order in condensed
matter, and is characterized by permanent magnetic moment orientations that interact
with neighboring magnetic moments of equal magnitude (spin) in an antiparallel
arrangement. Furthermore, this antiparallel arrangement of equal magnitude moments
results in no net magnetization when all the magnetic ions are ordered. Above a critical
temperature, known as the Néel temperature (TN), these materials exhibit paramagnetic
behavior, and the temperature dependence of their magnetic susceptibility (magnetization
divided by applied field) is described by the Curie-Weiss Law. This law states that for
temperatures T > TN, the magnetic susceptibility is directly proportional to the quotient of
the curie constant (C), a material specific constant, divided by the measured temperature

χ=

𝐶
𝑇−θ

minus the Weiss temperature, which is a term that encompasses all the magnetic
interactions present in a material, and for materials possessing only one magnetic
interaction, should be equal to the critical temperature, which for this case is the the Néel
temperature (θ = TN). However, below this critical temperature, thermal agitations are
sufficiently low such that neighboring magnetic ions are capable of ordering in an
antiparallel arrangement. This ordering is accompanied by a decrease in magnetization,
as the spins are now aligning with each other, not the applied magnetic field. The
temperature dependence of the magnetization of materials experiencing this type of
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Figure 1.1 Temperature dependence of the magnetic susceptibility for a typical
paramagnetic material. Magnetic susceptibility is shown in blue, and the inverse
magnetic susceptibility is shown in red.
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magnetic ordering no longer obey the Curie-Weiss law, and is dependent on the
orientation of the applied magnetic field relative to the crystallographic axis along which
the magnetic ordering occurs. A representative example of magnetic susceptibility plotted
against temperature for an antiferromagnetic material is shown in Figure 1.2
Ferrimagnetism is a special case of antiferromagnetic order in which the two magnetic
ions that are cooperatively ordering in an antiparallel arrangement are not of equal
magnitude, and thus at temperatures below the critical temperature, spontaneous
magnetization occurs. This behavior most commonly occurs when two or more magnetic
ions are present on different sub-lattices and exhibit unequal magnetic moments.
Magnetic measurements of a ferrimagnetic material often appear strikingly similar (albeit
with lower magnetic moments) to ferromagnets, which will be explained shortly, in
addition to a related class of materials known as canted antiferromagnets, and this
similarity is one of the many reasons interpreting magnetic measurements unambiguously
is a difficult task. Unlike conventional antiferromagnets, which possess antiparallel spins
with no spontaneous magnetization, canted antiferromagnets possess magnetic moments
that order opposite to their neighboring ion with equal magnitude, but do not precess
directly along crystallographic axes. Instead, these atomic moments precess “off-axis”
from the closest crystallographic axis by a degree known as the canting angle. The
canting of these moments result in a weak net magnetization along one of the
crystallographic axes of the structural unit cell. A representative example of magnetic
susceptibility plotted against temperature for a ferrimagnetic material is shown in Figure
1.3
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Figure 1.2 Temperature dependence of the magnetic susceptibility for a typical
antiferromagnetic material. Magnetic susceptibility is shown in blue, and the inverse
magnetic susceptibility is shown in red. The sharp decrease in magnetic susceptibility at
TN = 6.5 K is indicative of antiferromagnetic order, corresponding to an antiparallel
arrangement of unpaired electrons, resulting in a decrease of magnetic susceptibility.
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Figure 1.3 Temperature dependence of the magnetic susceptibility for a typical
ferrimagnetic material. Magnetic susceptibility is shown in blue, and the inverse
magnetic susceptibility is shown in red. The sharp increase in magnetic susceptibility at
TN = 160 K is indicative of ferrimagnetic order, corresponding to an antiparallel
arrangement of two ferromagnetic sublattices of unequal magnitude (unpaired electron
count), resulting in a positive net magnetic moment. This positive net magnetic moment
is displayed as an increase in magnetic susceptibility at, and below, the magnetic ordering
temperature.
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The most elusive, yet technologically useful of all types of magnetic order is
known as ferromagnetism, which is characterized by a cooperative ordering of
neighboring magnetic ions in a parallel arrangement. In addition to this long-range
parallel arrangement, ferromagnetic materials possess a strong short-range interaction,
resulting in magnetic moments that are spontaneously magnetized into regions of uniform
magnetization, known as domains. These domains are oriented such that the
magnetization of the bulk material is zero above the critical temperature, known as the
Curie temperature (TC). This orientation of domains above the TC minimizes the overall
magnetostatic energy of the material. Similar to antiferromagnetism, the temperature
dependence of the magnetic susceptibility above the Curie temperature is described by
the Curie-Weiss law. Ferromagnetic materials exhibit spontaneous magnetization below
their Curie temperature, and upon application of a magnetic field, the domains align with
the applied magnetic field and this alignment persists even in the absence of the applied
field. Therefore, the net magnetization of the material remains non-zero until a
sufficiently strong reversed field is applied. The strength of the magnetic field necessary
to remove the net magnetization formed from the previously applied magnetic field is
known as the coercive force. Materials with high values of this parameter are known as
‘hard ferromagnets’ and are highly coveted for permanent
magnets and multiferroic materials. Achieving a method of ‘designing’ this physical
property into condensed matter remains one of the loftiest goals in all of material
chemistry and condensed matter physics.
The mechanism by which neighboring magnetic moment orientations
cooperatively order in condensed matter can manifest itself in a variety of ways, but the
12

most prevalent of these in oxides is known as superexchange. In a variety of ionic
compounds, the magnetic cations are surrounded by nonmagnetic anionic ligands such as
oxygen, pnictides, chalcogenides, or halides, with oxygen being the focus of this work.
Although the bonding in these structures is primarily ionic in nature, it is energetically
favorable for some covalent mixing of valence electrons between two ions with unfilled
electronic shells and the mediating O2- ion. The simplest and most commonly observed
case for this superexchange mechanism in oxides is between two magnetic ions that are
coordinated in an MOn environment, in which each polyhedron shares one common O2ligand. This geometric arrangement of atoms, known as corner sharing polyhedra, results
in a M-O-M (or M-O-M’) linear configuration (180 degrees in an idealized case) in
which the σ 2p orbitals of the oxide ion have favorable orbital overlap with the d or f
orbitals present on the metals. Using an example between two d3 transition metals that are
coordinated in an octahedral environment, the favorable orbital overlap allows the 2p
orbital to virtually occupy the empty eg orbital of the transition metal, causing the three
valence electrons of the d3 ion to align with the spin of the electron in the 2p orbital due
to Hund’s rule of maximum multiplicity. The Pauli exclusion principle dictates that this
O2- ion 2p orbital must contain a spin up and spin down electron, so the remaining
unpaired electron from the O2- ion causes the adjacent d3 ion to align opposite to the first.
Therefore, each opposite spin electron in the O2- mediating ion is parallel with the two d3
transition metals, resulting in antiferromagnetic ordering,37 Figure 1.4.
The most frequently reported method of measuring the magnetic properties of
solid state structures is done with an instrument called a Superconducting Quantum
Interference Device (SQUID). As previously explained, an understanding of the
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Figure 1.4 Schematic representation of the superexchange interaction between two
neighboring Cr(III)O6 octahedra that share an O2- anionic ligand. The d3-d3 electron
configuration of the neighboring Cr(III) cations results in antiferromagnetic ordering.
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temperature dependence of a material’s exhibited magnetization (or susceptibility, at
constant fields) can provide a significant amount of information about the nature of the
possible ordering of the magnetic moments within the investigated composition. For this
reason, temperature dependent magnetic susceptibility and field dependent magnetization
are the two primary magnetic measurements made using a SQUID magnetometer. For a
temperature dependent magnetic susceptibility measurement, the instrument first cools
the sample down, in the absence of an applied magnetic field. The magnetic field is then
applied, and the raw magnetic moment of the sample is measured while the sample is
heated back up to a set temperature. This is known as a zero field cooled (ZFC)
measurement. If the measurement were conducted with an applied magnetic field during
the cooling period, the measurement would be called a field cooled (FC) measurement.
When plotting magnetic susceptibility as the y axis and temperature as the x axis, the
overlay of these two measurements (ZFC and FC) can be insightful when analyzing the
nature of magnetic order in a material. For example, if there is no difference between
these measurements, the material lacks a net magnetic moment, such as in
ferri/ferromagnetic order, and is likely paramagnetic or antiferromagnetic. However, if
they diverge at some temperature, this is known as exhibiting field dependence, and is
indicative of a net moment; however, it is worth noting that determining the true nature of
this magnetic order can often be very difficult using SQUID magnetometry alone.
Another measurement routinely conducted using a SQUID is field dependent
magnetization, often called a field sweep. For simple paramagnetic materials, a linear
dependence is expected between these parameters. The empirical meaning of this linear
relationship is that the material becomes magnetized as a direct function of applied
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magnetic field strength because no internal magnetic order is present, and in the absence
of a magnetic field, no spontaneous magnetization is present. A non-linear relationship is
expected for ferromagnetic or ferrimagnetic materials, such that after the application of a
magnetic field, some non-zero value of magnetization is present. The strength of this
spontaneous magnetization, and the field strength necessary to suppress this spontaneous
magnetization are closely monitored properties, as high values are coveted for industrial
purposes.
It should be stated that another great benefit of a SQUID magnetometer is the
ability to measure both single crystals and powder samples. The measurement of single
crystals reveals information related to magnetocrystalline anisotropy, or the
crystallographic axis along which the ordered magnetic moments energetically prefer to
align. For example, if the applied magnetic field is parallel to the preferred
crystallographic axis, called the easy axis of magnetization, a larger magnetic
susceptibility is expected. Conversely, if the applied field is perpendicular to the easy
axis, a significantly lower susceptibility is observed. By grinding these single crystals
into a fine powder containing an infinite number of randomly oriented crystallites, this
directional-based information, such as the easy axis, is lost. This information loss is
comparable to structural determinations using single crystals versus powder, and further
reinforces the utility of acquiring single crystals for both structural determination and
physical property measurements.
Despite the great utility of SQUID measurements, the unambiguous determination
of magnetic order is overwhelmingly difficult for situations where spin canting or
competing magnetic interactions occur. Neutron diffraction, by contrast, is a powerful
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tool that can be used to probe information about the magnitude and orientation of
magnetic moments on specific atomic sites, providing a clear image of the magnetic
structure of the studied material. Unlike X-rays, which diffract off of the electron cloud,
neutrons possess no charge, and thus pass through the electron cloud and diffract off the
nucleus. This results in Bragg reflections, as would be expected for X-ray diffraction. In
addition to diffraction off of the nucleus of an atom, neutrons interact with and are
diffracted by unpaired electrons, causing a second set of reflections known as magnetic
Bragg reflections. The process of determining magnetic structures from the resultant
magnetic Bragg reflections is beyond the scope of this introductory chapter, but involves
the use of Rietveld refinement, which in this work was conducted using FullProf Suite38,
and Representational Analysis, using the program SARAh39. In the same way X-ray
diffraction can provide information necessary to determine a structural unit cell, neutron
diffraction can be used to discern the magnetic unit cell at a given measured temperature.
Structural and Synthetic Considerations
As previously stated, the most common geometric arrangement of atoms in oxide
materials is corner shared polyhedra, (often octahedral environments) and as such,
antiferromagnetism is the most commonly reported type of magnetic order in these
materials. Although interesting to study, antiferromagnetic order lacks practical utility for
technologically useful devices. The task laid before solid state chemists who study
magnetic order in condensed matter is simple in conception but difficult in execution:
design experiments to produce materials that serve as host structures for novel and
interesting magnetic properties. Although the combined chemistry/physics community is
many decades away from the theoretical and practical knowledge necessary to rationally
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design and target finely tuned properties in materials at will, one strategy available to the
material chemist is to try to aim for oxide structures that contain M-O-M bond angles that
deviate from linear geometry. By reducing the orbital overlap of the 2p orbitals and the d
or f orbitals of the magnetic cation, the aforementioned superexchange mechanism that
produces antiferromagnetic order is destabilized. This allows for the possibility of
otherwise unavailable types of magnetic order, such as ferrimagnetism or
ferromagnetism, to energetically compete with antiferromagnetic order.
A second tool available to the solid state chemist when designing experiments to
produce complex oxides with unusual and useful magnetic properties is a set of semiempirical guidelines known as the Goodenough-Kanamori rules40. Generally speaking,
these rules state that antiferromagnetic order is expected of superexchange interactions
between half filled orbitals that are strongly overlapping, such as two octahedral
coordinated d5 magnetic ions. Conversely, ferromagnetic order is expected when
superexchange interactions occur between a half-filled and empty orbital, or a filled and
half-filled orbital. It should be noted that these rules are not infallible, and serve only as a
general guideline; as more experiments involving the nature of magnetic order in
complex oxide materials are conducted, these rules are continuously reinvestigated and
analyzed.
Even with knowledge of superexchange and the Goodenough-Kanamori rules, the
goal of designing experiments to produce structures with commercially viable physical
properties by tailoring bond angles between magnetic ions is an overwhelmingly difficult
one. Solid state chemists do not ‘design’ structure types to suit their needs; rather, we
explore phase space to discover what geometric combinations of elements exist in local
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minima in energy, as described by Martin Jansen’s “Energy Landscape.”41 A number of
synthetic avenues are available to material chemists to navigate our way across this
seemingly endless sea of energy, in which new and interesting materials hide in crevices
of local minima. The simplest example is solid state synthesis, which involves the
intimate mixing of solid state reagents and input of significant thermal energy to promote
solid state diffusion of ions to produce a new, more complex structure. This type of
synthesis is useful for targeting specific compositions of known stoichiometry, and thus
requires carefully considered stoichiometric ratios of starting materials. Given the large
amount of thermal energy needed for solid state synthesis, this method produces
thermodynamically stable phases, which are deep wells in the energy landscape. This
synthetic method excels when knowledge of the stoichiometry of the desired material is
known, limiting the utility of solid state synthesis for material discovery. Additionally,
the product will be a thermodynamic product in the form of a powder. For these reasons,
solid state synthesis is best utilized to produce large quantities of a known structure for
property measurements, such as neutron diffraction, which often requires five or more
grams for high resolution measurements.
Exploratory crystal growth mediated by molten flux synthesis is an ideal method
to explore the “Energy Landscape” via materials discovery, and is the preferred method
of synthesis for the purposes of this body of work. Unlike solid state synthesis, flux
growth is a solution-based method that includes a relatively low melting inorganic salt
that serves as the medium for crystallization. Additionally, this method is not limited to
stabilizing only thermodynamic phases, as flux growth has been shown to crystallize a
wide variety of kinetic or metastable phases. Selecting a flux suitable to the desired
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reaction conditions must be carefully considered when designing an experiment. A
myriad of properties, such as the flux’s melting point relative to other starting reagents,
the inherent redox chemistry involved, and the kinetics of starting reagent dissolution all
play a pivotal role to the outcome of the reaction. The body of this work focuses
primarily on first row transition metal oxides (Fe, Co, Ni, Cu, Zn), two third row
transition metals (Pt, Ir), and the early half of the lanthanides (La, Pr, Nd, Sm, Eu, Gd).
The chief aspect of flux selection when designing the crystallization of these complex
oxides was the ability of the flux to oxidize the metallic third row platinum group metal
(PGM), which as a starting reagent is Pt0 or Ir0. Amongst the great variety of fluxes
available, alkali metal hydroxide and carbonate fluxes are both highly oxidizing, low in
toxicity, and are capable of dissolving most elements, making them ideal for these
purposes, and are discussed in most of the chapters of this dissertation.
High temperature molten alkali and alkaline earth metal hydroxide melts have
been heavily studied as a facile method to produce single crystals for decades.6, 35, 42–48
This flux has been shown to dissolve a wide variety of transition metal oxides, and
crystallize a plethora of new and interesting structure types, such as the novel structure
type discussed in chapter 8. The highly oxidizing nature of this flux makes it ideal for
platinum group metal chemistry, and the literature is suffuse with examples of complex
PGM oxides grown in this way. Additionally, hydroxide fluxes can stabilize high
oxidation state ions in complex oxides that have otherwise only been synthesized using
high pressures, such as LnCu2O4 (Ln = La, Nd, Sm, Eu, Gd, Dy, Ho, Er)49. A recent
example of this is the stabilization of Ni(IV) in two hexagonal perovskites as single
crystals, discussed in chapter 5. The water content of hydroxide fluxes can be adjusted to
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affect its solvation properties, and thus the solubilities of starting reagents, according to
the concept of oxoacidity best described by Lux and Flood 50, 51. Commercially available
alkali metal hydroxides contain 15% weight by mass of water, and this creates an acidic
environment in the melt that is conducive to the dissolution of lanthanide sesquioxides,
commonly used lanthanide precursors. This oxoacidity can be adjusted through the
addition of water to the reaction vessel, but also by crimping or sealing the reaction
vessel to prevent dehydration of the melt during heating.
Similar to hydroxide fluxes, alkali metal carbonate fluxes are highly oxidizing,
dissolve most transition metal oxides, and have been reported to crystallize a number of
platinum group metal oxides, particularly perovskites, which is a structure type discussed
in a number of chapters in this work.5, 52–55 At elevated temperatures, oxygen becomes
permeable to carbonate fluxes, and thus the highly oxidizing nature of these fluxes
originates from dissolved oxygen, not the flux itself. Whereas hydroxide fluxes are
primarily used in the 400-800 °C temperature range, carbonates have higher melting
points, and are used in the 800-1200 °C temperature range, allowing access to many
structures that do not form at lower temperatures. It has been empirically shown that
carbonates, on average, produce larger sized crystals. This is advantageous for a number
of physical property measurements, such as electrical resistivity measurements, discussed
in chapter 4. One drawback of this flux is the poor solubility of lanthanide oxides. For
these reasons, hydroxides are typically used for lanthanide containing PGM oxide
synthesis, and carbonates are used for alkali and alkaline earth metal containing PGM
oxides.
The final chapter of this dissertation discusses a novel structure type synthesized
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via a recently discovered synthetic technique known as hydroflux. Generally speaking,
hydroflux is a solution-based reaction that operates at the interface of traditional flux and
mild hydrothermal techniques in which the simultaneous existence of molten flux and
sub-critical water is present.56 This novel synthetic method often crystallizes
hydroxymetallates, but also has been shown to produce new structure types, such as the
discovery of a novel diferrite structure of the family BaO-nFe2O3. Most reports of this
method use polytetrafluoroethylene (PTFE)-lined stainless steel autoclaves at relatively
low temperatures (180-230 °C). A sealed system, such as an autoclave, is used to prevent
water loss at elevated temperatures, the presence of which is necessary for the term
hydroflux synthesis to apply. By adjusting temperatures by as little as 30 °C and water
content by up to 1mL, a range of products form, demonstrating the sensitivity of this
synthetic technique, and the fine line between true hydroflux synthesis and a wet
hydroxide flux.
Conclusion
A number of interesting conclusions can be drawn from the various structureproperty studies conducted across the seven chapters of this dissertation. Chapters 2 and 3
provided experimental evidence for a successful prediction of magnetic order using the
Goodenough-Kanamori rules by demonstrating that as one chemically tailors monoclinic
distortion in a series of double perovskites that contain a rock salt lattice between two
magnetic ions, the critical temperature increases and the nature of the magnetic order
shifts from canted antiferromagnetism to ferrimagnetism. The role of site-disorder was
analyzed in chapter 4 through discussion of one of very few examples of significant sitedisorder resulting in a polar, non-centrosymmetric semiconducting oxide with near room
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temperature magnetic ordering. The first reported example of charge ordering of Ni(II)
and Ni(IV) in an oxide structure was examined in chapter 5. This coexistence of Ni(II)
and Ni(IV) resulted in the formation of mixed metal-cation Ir2NiO12 trimers containing
direct metal-metal bonding between Ni(IV) and Ir(V). The affect of this direct metalmetal bonding on the electronic structure of the trimer was analyzed to explain the
complex ferromagnetic-like order observed.
The unconventional role that SQUID measurements can play to better understand
chemical structure was investigated in chapter 6. A series of incommensurate 2Hhexagonal perovskite-related oxides were synthesized and based on powder X–ray
diffraction (PXRD) and SQUID magnetometry, an approximated stoichiometry of the
novel phases was determined. A rare glimpse into the magnetic order exhibited by Ir(IV)Ir(IV) super-superexchange in a layered perovskite-related oxide was analyzed in chapter
7. Additionally, it was experimentally shown that chemical substitution of smaller
lanthanides resulted in higher critical temperatures and lower Weiss temperatures. This
result indicates that as an increasing number of unpaired electrons enters this system,
competition between various types of magnetic order strengthens. Finally, one of the
highest magnetic ordering temperatures reported amongst oxide structure was reported in
chapter 8, which crystallized in a novel structure type. The effect of the incorporation of
non-magnetic K on the observed magnetic ordering temperature (TN = 850 K for
BaFe4O7; TN = 870 K for K0.22Ba0.89Fe4O7) was discussed.
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CHAPTER II
DESIGN AND CRYSTAL GROWTH OF MAGNETIC DOUBLE
PEROVSKITE IRIDATES: Ln2MIrO6 (Ln = La, Pr, Nd, Sm-Gd; M = Mg,
Ni)1

Ferreira, T.; Morrison, G.; Yeon, J.; zur Loye, H.-C. Cryst. Growth Des. 2016, 16,
2795-2803.
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Abstract
A series of monoclinic distorted double perovskites of the general formula
Ln2MIrO6 (Ln = La, Pr, Nd, Sm—Gd; M = Mg, Ni) were grown as highly faceted single
crystals from a potassium hydroxide flux. The structural distortions and the magnetic
interactions in A2BB’O6 double perovskites can be “designed” via a judicious choice of
A, B, and B’ cation sizes and by selecting magnetic or non-magnetic ions to occupy the
A, B, and/or B’ sites. A study of the relationship between the number of magnetic ions,
the degree of monoclinic distortion, and the resulting magnetic interactions was
conducted. Magnetic susceptibility and field dependent magnetization measurements
were performed for all synthesized compounds. It was determined that smaller A-site
lanthanide cations cause more pronounced monoclinic distortions, resulting in smaller
M—O—Ir (M = Mg, Ni) bond angles that correlate with higher magnetic ordering
temperatures. The magnetic susceptibility and field dependent magnetization data were
both consistent with canted antiferromagnetism for most titled compositions, indicating a
possible trend of increased spin canting, and thus increased ferromagnetic-like
interactions, as a function of smaller lanthanide A site cation size.
Introduction
A wide variety of synthetic techniques are available to chemists for materials
discovery, where typically the preparation of each new composition is ultimately
achieved by utilizing a unique set of optimized reaction conditions. One method for
materials discovery is flux crystal growth, a technique that utilizes a relatively low
melting inorganic salt as the crystallization solvent. This method is frequently used for,
and shown to excel in, the formation of complex oxides as single crystals.1-7 Although a
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material can often be crystallized by more than one flux, hydroxide fluxes have been
particular successful in the crystal growth of complex oxides, as evidenced by the
extensive range of structures and compositions that have been prepared via this route.8-22
Often the hydroxide flux itself needs to be optimized, for example by controlling the
water content that affects its acid-base and, hence, solvation properties. For example,
high water content (wet), and thus acidic, hydroxide melts serve as an excellent medium
to grow lanthanide containing platinum group metal oxides based on the concept of oxoacidity best described by Lux and Flood.23, 24 The typical 15 wt % water contained in
commercial alkali metal hydroxides creates an acidic environment in the melt stage
conducive to lanthanide sesquioxide precursor dissolution, thereby enabling their
incorporation during crystal formation. Hydroxide fluxes have successfully yielded
complex lanthanide containing platinum group metal oxides as single crystals in a range
of new structure types, such as La9RbIr4O24,16 LnKPdO3 (Ln = La, Pr, Nd, Sm—Gd)25 or
LnNaPd6O8 (Ln = Tb-Lu, Y)26 as well as examples of classical structure types, such as
double perovskites of the type Ln2MgIrO6 (Ln = Pr, Nd, Sm—Gd)21 that serve as the
motivation for this paper.
Perovskite oxides (ABO3) are one of the most versatile classes of materials and
almost any property can be found for some perovskite composition, including
ferroelectricity, (BaTiO3)27 ferromagnetism, (SrRuO3)28 superconductivity, (SrTiO3-x)29
Pauli paramagnetism, (LaTiO3)30 metal-to-insulator transitions, (LaCoO3)31 and oxide ion
conductivity (BaInO2.5).32 The ability to observe so many diverse properties stems from
the ease with which the perovskite structure accommodates different elements in a variety
of oxidation states. In the ideal simple cubic perovskite, ABO3, the smaller B cation is
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located in an octahedral environment and 8 BO6 corner-sharing octahedra create a 12
coordinate cation site that is occupied by the larger A cation.33 There exist size
constraints for the A and B cations that can be evaluated by the Goldschmidt tolerance
factor and the various structural modifications that can result have been discussed in the
literature.34-39 The oxidation states of A and B in the ABO3 structure add up to six,
allowing for cation oxidation state combinations of +1/+5, +2/+4, and +3/+3. If more
than one cation occupies the B-site and, if due to size and charge differences they order
crystallographically, a family of double perovskites, A2BB’O6 can be created. This
increased complexity leads to enhanced adjustability that provides the researcher with the
opportunity to target complex compositions that favor the creation of desired properties,
for example long-range magnetic order.
The creation of long-range magnetic order in the perovskite structure requires the
presence of cations having unpaired electrons and the creation of combinations of
magnetic cations so that A—B and B—B magnetic interactions can be formed. In the
double perovskite structure A2BB’O6, the presence of three cations provides the
researcher with a number of compositional options to influence the magnetism. We can
have a magnetic cation occupy only the B site (the A and B’ sites would contain nonmagnetic cations), both the B and B’ sites, only the A site, the A site and the B site and
finally, the A, B and B’ sites. If we look at choices for magnetic A cations, we find that
we can generally exclude monovalent cations, as there are none that are both magnetic
and large enough to take on the role of the A cation. Large divalent magnetic cations,
similarly, are sparse and it is not until we look at trivalent cations that we find a large
selection of suitable candidates: the trivalent lanthanides.
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Once we settle on lanthanides (Ln) for the A site,26 our composition becomes
Ln2BB’O6 and the sum of the B and B’ oxidation states are limited to +6 (+1/+5, +2/+4,
and +3/+3). Our group has explored the crystal growth of a significant number of
platinum group containing oxides where we have investigated the magnetic properties of
osmium, ruthenium, rhodium and iridium containing perovskite (as well as other
structure type) oxides.1-4, 12, 14, 15, 17-21, 32, 40-51 Given these previous results, we decided to
direct our crystal growth efforts towards the creation a series of Ir(IV) containing double
perovskites of the type Ln2BIrO6. For this series of double perovskites we are able to
selectively place the magnetic cation on the A site, the B site and the B’ site resulting in
compositions of La2MgIrO6 (B’ site only), La2NiIrO6 (B and B’ sites); Nd2MgIrO6 (A
and B’ sites); and Ln2NiIrO6 (Ln = Pr, Nd, Sm—Gd) (A, B and B’ sites). This enables us,
to some extent, to study the magnetic interactions between only the B’ cations, between
the A and B’ cations, between the B and B’ cations, and between the A, B and B’ cations.
As can be expected, the complexity of the magnetism increases with the number of
magnetic cations in the structure. Herein we discuss the crystal growth, structure
determination and magnetic properties of Ln2M2+IrO6 (Ln = La, Pr, Nd Sm—Gd; M =
Mg, Ni).
Experimental Section
Reagents. Ln2O3 (Ln = La, Sm) (Alfa Aesar 99.99%), Nd2O3 (Acros Organics
99.9%), Ln2O3 (Ln = Eu, Gd) (Alfa Aesar, 99.9%), NiO (Sigma Aldrich 99.999%), MgO
(Alfa Aesar 99.998%) Ir powder (Engelhard, 99.9995%), KOH (BDH, A.C.S. Reagent
Grade) were used as received. Pr6O11 (Alfa Aesar, 99.99%) was reduced to Pr2O3 under
5% hydrogen at 1000 °C in a tube furnace overnight.
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Synthesis. Single crystals of Ln2MgIrO6, (Ln = La, Nd) and Ln2NiIrO6, (Ln = La,
Pr, Nd, Sm-Gd) were grown from a high temperature potassium hydroxide acidic melt.
Ln2O3 (La, Pr, Nd, Sm, Eu, Gd) (1 mmol), MO (Ni, Mg) (1 mmol), Ir (1 mmol), KOH
(4g) and 0.6 mL H2O were loaded into silver tubes that had been TIG-welded on one end.
The tops of the tubes were crimped and placed upright into a box furnace. The tubes were
heated to 700 °C at 600 °C/hr, held there for 48h, slow cooled to 300 °C at 10 °C/hr and
then allowed to cool to room temperature by turning off the furnace. The black crystals
were removed from the flux by dissolving the flux in water assisted by sonication. The
crystals were extracted by vacuum filtration.
Single Crystal X-ray Diffraction. X-ray diffraction intensity data from the
crystals of Ln2MIrO6 (Ln = La, Pr, Nd, Sm—Gd; M= Mg, Ni) were measured at room
temperature on a Bruker SMART APEX diffractometer (Mo Kα radiation, λ = 0.71073
Å). The raw area detector data frames were processed with SAINT+. An absorption
correction based on the redundancy of equivalent reflections was applied to the data with
SADABS. The reported unit cell parameters were determined by least-squares refinement
of a large array of reflections taken from each data set. Difference Fourier calculations
and full-matrix least-squares refinement against F2 were performed with SHELXL. The
compounds crystallize in the monoclinic space group P21/n, as determined by the
successful solution and refinement of the structure. The asymmetric unit contains three
metal and three oxygen atoms. The lanthanide atoms are on a general position (Wyckoff
symbol 4e), the divalent metal and iridium atoms are on an inversion center (Wyckoff
symbol 2a and 2b), and the oxygen atoms are on general positions. Due to the metrical
similarity of the lattice to orthorhombic, all compounds were twinned to emulate
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orthorhombic symmetry, following the twin law [100/0-10/00-1]. All atoms were refined
with anisotropic displacement parameters. Crystallographic data, selected interatomic
distances and bond angles are listed in Tables 2.1 and 2.2, respectively.
Powder X-ray Diffraction (PXRD). Powder X-ray diffraction data were
collected on a Rigaku D/Max-2100 powder X-ray diffractometer using Cu Kα radiation.
The step-scan covered the angular range 10-70° in steps of 0.02°. No impurities were
observed, and the experimental and calculated PXRD patterns are in excellent agreement,
shown in Figures 2.1-2.7.
Energy Dispersive Spectroscopy (EDS). Single crystals of Ln2MIrO6 (Ln = La,
Pr, Nd, Sm—Gd) (M = Ni, Mg) were analyzed using a TESCAN Vega-3 SBU scanning
electron microscope (SEM) with EDS capabilities. All crystals were mounted on carbon
tape and analysis was carried out using a 20 kV accelerating voltage and an accumulation
time of 20 s. EDS verified the presence of Ni, Mg, Ir, O and the respective lanthanide
element. The absence of extraneous elements such as silver or potassium was confirmed
within the detection limits of the instrument.
Magnetic Susceptibility. Magnetic properties were measured on ground single
crystals using a Quantum Design Magnetic Properties Measurement System (QD MPMS
3 SQUID Magnetometer). Magnetic susceptibility was measured under zero-field cooled
(zfc) and field cooled (fc) conditions from 2-300 K at applied fields of 0.1 T and 1 T.
Magnetization as a function of field was measured from 0-5 T at 2 K and 45 K. Data
were corrected for sample shape and radial offset effects as described previously.52
Results and Discussion
Synthesis. Previous investigations of complex lanthanide containing iridium
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Table 2.1 Crystallographic Data for Ln2MIrO6, (Ln = La, Pr, Nd, Sm-Gd; M = Ni, Mg)
Empirical
formula
Formula
Weight
(g mol-1)
Space
group
Unit cell
dimension
s
a (Å)

La2MgIrO6

Pr2NiIrO6

Nd2NiIrO6

Sm2NiIrO6

Eu2NiIrO6

Gd2NiIrO6

590.33

628.73

635.39

650.83

647.61

661.41

P21/n

P21/n

P21/n

P21/n

P21/n

P21/n

5.5997(3)

5.4743(3)

5.4330(3)

5.4355(4)

5.3787(3)

5.3263(4)

b (Å)

5.6067(3)

5.6824(3)

5.6943(3)

5.6967(4)

5.7150(4)

5.7189(4)

c (Å)

7.9163(5)

7.8039(4)

7.7639(4)

7.7697(5)

7.7060(5)

7.6514(6)

β (deg)
V (Å3)

90.0057(13)
248.54(2)

90.005(1)
242.76(2)

90.0040(10)
240.19(2)

90.0190(10)
240.58(3)

90.0350(10)
236.88(3)

90.0260(10)
233.07(3)

Z

2

2

2

2

2

2

Density
(calculate
d)
(g cm-3)
Absorptio
n
coefficient
(mm-1)
F(000)

7.888

8.601

8.785

8.984

9.080

9.468

43.663

50.804

52.679

57.082

56.287

60.468

502

542

546

558

554

562

Crystal
size (mm)
Θmax (deg)

0.04 x 0.03 x
0.02
32.59

0.04 x 0.04 x
0.04
28.26

0.06 x 0.04 x
0.04
28.27

0.05 x 0.04 x
0.04
28.26

0.07 x 0.04 x
0.04
28.32

0.04 x 0.04 x
0.03
28.26

Reflection
s collected
Goodnessof-fit on
F2
R indicies
(all data)

904 (Rint =
0.0459)
1.217

3344 (Rint =
0.0214)
1.195

3298 (Rint =
0.0256)
1.215

3315 (Rint =
0.0251)
1.230

3261 (Rint =
0.0255)
1.172

3193 (Rint =
0.0293)
1.157

R1 = 0.0383
wR2 = 0.0622

R1 = 0.0228
wR2 = 0.0596

R1 = 0.0192
wR2 = 0.0487

R1 = 0.0220
wR2 = 0.0611

R1 = 0.0191
wR2 = 0.0449

4.199 and 4.586

2.354 and 1.977

0.979 and 2.206

1.043 and 2.251

1.009 and 1.122

R1 = 0.0207
wR2 =
0.0530
1.036 and 2.700

Largest
diff.
peak.hole
(e- Å-3)
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Table 2.2 Selected interatomic distances (Å), bond angles (°), and bond valence sum
(BVS) for Ln2MIrO6 (Ln = Pr, Nd, Sm-Gd: M = Ni, Mg)

Ln-O
Ln-O
Ln-O
Ln-O
Ln-O
Ln-O
Ln-O
Ln-O
M-O
M-O
M-O
Ir-O
Ir-O
Ir-O

La2MgIrO6
2.431(10)
2.574(10)
2.458(14)
2.679(14)
2.802(13)
2.471(14)
2.681(15)
2.801(15)
2.040(10)
2.056(11)
2.058(11)
1.992(11)
1.996(11)
2.009(9)

Pr2NiIrO6
2.423(7)
2.370(7)
2.617(9)
2.378(8)
2.726(8)
2.707(8)
2.384(9)
2.628(9)
2.043(7)
2.077(8)
2.070(8)
1.992(7)
2.024(7)
2.020(8)

Nd2NiIrO6
2.356(6)
2.362(8)
2.375(8)
2.404(6)
2.588(8)
2.601(8)
2.706(7)
2.707(7)
2.021(7)
2.083(7)
2.087(8)
2.001(7)
2.002(6)
2.016(7)

Sm2NiIrO6
2.295(8)
2.362(9)
2.374(10)
2.413(7)
2.591(10)
2.604(10)
2.707()
2.708(9)
2.041(9)
2.081(8)
2.092(9)
2.007(8)
2.014(8)
2.020(9)

Eu2NiIrO6
2.307(6)
2.340(8)
2.342(8)
2.359(6)
2.555(8)
2.568(8)
2.688(8)
2.692(8)
2.026(7)
2.090(7)
2.104(8)
2.005(7)
2.006(7)
2.008(7)

Gd2NiIrO6
2.281(7)
2.295(8)
2.320(6)
2.337(8)
2.519(9)
2.540(8)
2.669(8)
2.684(9)
2.026(8)
2.100(7)
2.104(9)
1.996(7)
2.001(8)
2.008(8)

M-O-Ir
M-O-Ir
M-O-Ir
BVS

155.8(6)
155.5(8)
156.3(8)
Ir (4.13)

150.5(4)
149.4(5)
148.3(4)
Ir (4.09)
Ni (2.10)

149.7(3)
147.1(4)
148.8(4)
Ir(4.15)
Ni(2.10)

146.1(4)
147.0(5)
148.7(5)
Ir(4.07)
Ni(2.06)

145.4(4)
146.5(4)
145.8(3)
Ir(4.15)
Ni(2.05)

143.6(4)
144.7(5)
144.0(4)
Ir(4.10)
Ni(2.04)
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Figure 2.1 Powder X-ray diffraction pattern of La2NiIrO6, shown in blue, overlaid with
the simulated powder pattern based on CIF data, shown in green.
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Figure 2.2 Powder X-ray diffraction pattern of Pr2NiIrO6, shown in blue, overlaid with
the simulated powder pattern based on CIF data, shown in green.
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Figure 2.3 Powder X-ray diffraction pattern of Nd2NiIrO6, shown in blue, overlaid with
the simulated powder pattern based on CIF data, shown in green.
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Figure 2.4 Powder X-ray diffraction pattern of Sm2NiIrO6, shown in blue, overlaid with
the simulated powder pattern based on CIF data, shown in green.
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Figure 2.5 Powder X-ray diffraction pattern of Eu2NiIrO6, shown in blue, overlaid with
the simulated powder pattern based on CIF data, shown in green.
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Figure 2.6 Powder X-ray diffraction pattern of Gd2NiIrO6, shown in blue, overlaid with
the simulated powder pattern based on CIF data, shown in green.
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Figure 2.7 Powder X-ray diffraction pattern of Nd2MgIrO6, shown in blue, overlaid with
the simulated powder pattern based on CIF data, shown in green.
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oxides in our lab have focused primarily on Ir5+, such as in the double perovskite system
Ln2M+IrO6 (Ln = La, Pr, Nd, Sm—Gd; M+ = Li, Na),12, 15 whose syntheses relied on
historically established reaction parameters, similar to the ones that were used to establish
the reaction conditions for the title compounds of this paper. For the double perovskite
compounds containing monovalent cations on the B site, alkali metal hydroxides
containing the B site cation were shown to yield the highest quality crystals. In the
current work, potassium hydroxide was chosen as the flux for crystallizing the title
compounds in order to prevent the formation of a monovalent B cation containing
perovskite. Considering the ionic radii of Mg and Ni, (CN—6 = 0.72 Å;
CN—6 = 0.69 Å), the K+ ion (CN—6 = 1.38 Å) is too large to incorporate onto the B site
of the titled double perovskite structure.53 Previously reported attempts to synthesize
La2M2+IrO6 (M2+ = Mg, Ni) have resulted only in polycrystalline powder samples,
prompting us to pursue their single crystal growth to carry out definitive structure
characterization.54-56 Using conditions based on those published for the growth of
Ln2MgIrO6 (Ln = Pr, Nd, Sm—Gd) we succeeded in obtaining single crystals of the
target compounds.
It is worth commenting on the fact that metallic iridium is used as a starting
material and that the ability of the hydroxide flux to oxidize and solvate platinum group
metal cations is crucial for the synthesis of the title compounds. We have observed that
while platinum group metals adopting many oxidation states can be isolated in complex
oxides by this route, the observed oxidation states are often a function of the other metals
(and their oxidation states) present and of the product structure. For example, in this
case, the fact that iridium is stabilized in the double perovskite structure containing
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lanthanides on the A-site and either Ni2+ or Mg2+ on the B site, necessitates that iridium
to take on the tetravalent state. While it is likely that iridium ions in oxidation states other
than 4+ are present as solvated ions in the flux environment, the fact that the final product
takes on the double perovskite structure directs the incorporation of Ir4+ over iridium in
other oxidation states that may be present in the flux. For the title compounds, the Ir—O,
Mg—O and Ni—O bond distances are consistent with those reported for other Ir(IV)
containing oxides, supporting the presence of Ir4+, Mg2+ and Ni2+ in these double
perovskite structures, which were all further corroborated by bond valence sum analysis
which is present in Table 2.2.21, 55
Structure. The crystal structure of Nd2NiIrO6 is shown in Figure 2.8 and is
representative of the Ln2MIrO6 (Ln = La, Pr, Nd, Sm—Gd; M = Mg, Ni) series of
compounds that crystallize in the P21/n space group. These compounds adopt the
monoclinically distorted double perovskite structure with a space group that allows for
two alternating crystallographically independent octahedral sites, referred to as B and B’
sites. This results in the formation of a distorted 1:1 ordered rock salt type lattice of the B
and B’ cations, which in this case are either Ni2+ or Mg2+ and Ir4+, respectively. The
tilting of the BO6 and B’O6 octahedra allows for the maintenance of corner shared
octahedra while allowing favorable Ln—O bond distances for the eight coordinate Ln3+
cations which occupy the A site. The assigned Glazer tilt system for the P21/n space
group is #10, a-a-b+.36, 37, 57, 58 Perovskites that have small A site cations are susceptible
to this type of distortion, leading to a decrease in the coordination environment of the A
site cation from twelve to eight. This monoclinic distortion is macroscopically expressed
in the morphology of the crystals, with Ln = La, Pr, Nd forming nicely faceted cubes and
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Figure 2.8 The crystal structure of Nd2NiIrO6 shown is representative of the general
structure of the series Ln2MIrO6 (Ln = La, Nd; M = Ni, Mg). The respective Ni or Mg
atoms are green octahedra, iridium atoms are grey octahedra, the lanthanide atoms are
blue spheres and the oxygen atoms are red spheres.
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Ln = Sm, Eu, Gd forming elongated octahedra, shown in Figure 2.9 and 2.10.
Coordination environments of the A site typically do not decrease to less than eight, and
because A—O distances typically have small ranges such that much smaller A site
cations typically adopt different structure types.39 This can be rationalized by using the
Goldschmidt tolerance factor, t, which describes the stability of a perovskite as a function
of ionic radii. In the ideal cubic double perovskite, B—O—B’ bond angles are 180°, and
this value decreases with increasing distortion and decreasing A site cation size relative
to the B site. As anticipated, the B—O—B’ angles decrease with decreasing size of the
lanthanide ion from La—Gd. Relevant crystallographic information for the title
compounds are listed in Table 2.1, and the decreasing B—O—B’ bond angles resulting
from the increased distortion, interatomic distances, and bond valence sum (BVS)
analysis for the novel title compounds are listed in Table 2.2.
Magnetism. The temperature dependence of the magnetic susceptibility was
measured for all samples in applied fields of 0.1 T and 1 T using both field cooled (FC)
and zero field cooled (ZFC) measurement conditions. The simplest magnetic data came
from the La2MgIrO6 composition, which was first studied by Galasso et al.59 that contains
only one magnetic ion, Ir4+, on the B site of the double perovskite. As the cations in
La2MgIrO6 adopt the ordered rock salt type within the double perovskite structure, the
Ir4+ ions are isolated from each other, separated by non-magnetic corner sharing MgO6
octahedra. The temperature dependence of the magnetic susceptibility data, shown in
Figure 2.11 for La2MgIrO6, exhibits Curie-Weiss behavior over most of the temperature
range and a fit of the inverse susceptibility, shown in Figure 2.12, results in a measured
moment of 1.31 µB. This moment differs from the spin only moment of 1.73 µB, likely
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Figure 2.9 Optical images of Ln2NiIrO6 (Ln = La, Pr, Nd) on left and Ln2NiIrO6 (Ln =
Sm, Eu, Gd) on right.
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Figure 2.10 SEM images of Ln2NiIrO6 (Ln = La, Pr, Nd) on left and Ln2NiIrO6 (Ln =
Sm, Eu, Gd) on right.
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Figure 2.11 Temperature dependence of the magnetic susceptibility for La2MgIrO6 at 0.1
T, with field cooled data shown in blue and zero field cooled data shown in green.
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Figure 2.12 Temperature dependence of the magnetic susceptibility for La2MgIrO6 at 0.1
T, with field cooled data shown in blue, zero field cooled data shown in green, and
inverse magnetic susceptibility shown in red.

53

due to spin orbit coupling as described by a previous magnetic study of this oxide,56 but
is consistent with low moments observed for iridium in other perovskites.60-63 The
transition in the susceptibility at 10 K indicates the presence of antiferromagnetic
interactions between the iridium cations, which is consistent with the Weiss constant of θ
= -10 K. The FC and ZFC data diverge at 10 K, demonstrating a slight field dependence.
This field dependence is significantly suppressed in the 1 T data shown in Figures 2.13
and 2.14.
The magnetic data for La2NiIrO6, a composition first reported by Powell et al.,55
displays antiferromagnetic-like deviations from Curie-Weiss behavior at 75 K, followed
by multiple magnetic transitions at lower temperature, shown in Figure 2.15. This is
consistent with the Weiss constant of θ = -28 K, indicating a stronger antiferromagnetic
interaction between the iridium and nickel compared to the isolated iridium. The Ni2+,
spin 1 and the Ir4+, spin ½, occupy the B and B’ sites of the double perovskite and have
the potential to couple antiferromagnetically, which is observed. Two additional magnetic
transitions are observed at roughly 30 K and 60 K in the 0.1 T data that are suppressed in
the 1 T data, shown in Figure 2.16. In the absence of low temperature structural data it is
not possible to conclude whether these magnetic transitions are due to strictly a spin
reorientation or to a structural change. The magnetic moment measured from the high
temperature susceptibility data indicated an effective moment of 3.28 µB, which is in
excellent agreement with the spin only moment of 3.32 µB.
The Nd2MgIrO6 sample, a composition first reported by Mugavero et al.,34
contains an additional magnetic cation, Nd3+, on the A site. It exhibits slightly more
complex magnetic behavior, presumably due to a small degree of magnetic coupling
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Figure 2.13 Temperature dependence of the magnetic susceptibility for La2MgIrO6 at 1
T, with field cooled data shown in blue and zero field cooled data shown in green.
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Figure 2.14 Temperature dependence of the magnetic susceptibility for La2MgIrO6 at 1
T, with field cooled data shown in blue, zero field cooled data shown in green, and
inverse magnetic susceptibility shown in red.
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Figure 2.15 Temperature dependence of the magnetic susceptibility for La2NiIrO6 at 0.1
T, with field cooled data shown in blue, zero field cooled data shown in green, and
inverse magnetic susceptibility shown in red.
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Figure 2.16 Temperature dependence of the magnetic susceptibility for La2NiIrO6 at 1 T,
with field cooled data shown in blue, zero field cooled data shown in green, and inverse
magnetic susceptibility shown in red.
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between the neodymium and iridium cations. The ZFC and FC data collected at 0.1 T
diverge below 11 K, as shown in Figure 2.17, while at higher temperature the data
follows Curie-Weiss behavior shown in Figure 2.18. Data collected at in a 1 T field
exhibits two magnetic transitions in the susceptibility at 5 and 9 K, shown in Figures 2.19
and 2.20. The antiferromagnetic interactions are stronger than in La2MgIrO6, as indicated
by the Weiss constant of θ = -19 K, for the 1 T data set. The magnetization vs. field data
collected at 2 K, shown in Figure 2.21, exhibits several changes in slope indicative of
metamagnetic behavior. The magnetic moment measured from the high temperature
susceptibility data indicates an effective moment of 4.84 µB, which is consistent with the
spin only moment of 4.90 µB.
Pr2NiIrO6, which contains three magnetic ions, Pr3+, Ni2+, and Ir4+, exhibits
significant field dependence when measured in an applied field of 0.1 T, shown in Figure
2.22. Both the FC and ZFC data exhibit a ferromagnetic-like transition at 105 K, and
below that temperature the FC and ZFC data diverge. The ZFC data exhibits at least two
transitions at lower temperature, while only one transition is observed at 5 K in the ZFC
data collected in a field of 1 T, shown in Figure 2.23. The divergence between the ZFC
and FC data below 105 K is diminished under an applied field of 1 T, while the higher
temperature ferromagnetic-like transition is not affected. As the magnetization does not
increase to a level consistent with full ferromagnetic order, it is likely that the system
adopts a canted antiferromagnetic state, consistent with the Weiss constant of θ = -32 K
and similar behavior that has been observed in structurally related iridium containing
double perovskites.64 The magnetization versus field data exhibit weak hysteresis at both
2 K and 45 K, shown in Figure 2.24 and 2.25, with a higher saturation magnetization
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Figure 2.17 Temperature dependence of the magnetic susceptibility for Nd2MgIrO6 at
0.1 T, with field cooled data shown in blue and zero field cooled data shown in green.
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Figure 2.18 Temperature dependence of the magnetic susceptibility for Nd2MgIrO6 at
0.1 T, with field cooled data shown in blue, zero field cooled data shown in green, and
inverse magnetic susceptibility shown in red.
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Figure 2.19 Temperature dependence of the magnetic susceptibility for Nd2MgIrO6 at 1
T, with field cooled data shown in blue and zero field cooled data shown in green.

62

Figure 2.20 Temperature dependence of the magnetic susceptibility for Nd2MgIrO6 at 1
T, with field cooled data shown in blue, zero field cooled data shown in green, and
inverse magnetic susceptibility shown in red.
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Figure 2.21 Magnetization (BM) versus magnetic field (T) for Nd2MgIrO6 ranging from
0 to 5 Tesla at 2 K.
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Figure 2.22 Temperature dependence of the magnetic susceptibility for Pr2NiIrO6 at 0.1
T, with field cooled data shown in blue, zero field cooled data shown in green, and
inverse magnetic susceptibility shown in red.
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Figure 2.23 Temperature dependence of the magnetic susceptibility for Pr2NiIrO6 at 1 T,
with field cooled data shown in blue, zero field cooled data shown in green, and inverse
magnetic susceptibility shown in red.
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Figure 2.24 Magnetization (BM) versus magnetic field (T) for Pr2NiIrO6 ranging from 0
to 5 Tesla at 2 K.
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Figure 2.25 Magnetization (BM) versus magnetic field (T) for Pr2NiIrO6 ranging from 0
to 5 Tesla at 45 K.
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observed for the 2 K data. A fit of the high temperature susceptibility data to the CurieWeiss law results in an effective moment of 5.96 µB, close to the spin only moment of
6.05 µB.
Nd2NiIrO6 is another double perovskite containing magnetic cations on the A, B
and B’ sites. Similar to Pr2NiIrO6, it undergoes a ferromagnetic-like transition at 125 K
followed by a divergence between the ZFC and FC data in the 0.1 T data shown in Figure
2.26 and 2.27. A sharp low temperature antiferromagnetic transition, shown in Figure
2.26, is observed at 6 K in both the ZFC and FC data. Again, the divergence between the
ZFC and FC data below 125 K is diminished under an applied field of 1 T, shown in
Figure 2.28, while the higher temperature ferromagnetic-like transition is not affected.
Consistent with this divergence, the magnetization vs. field data exhibit hysteresis both at
2 K and at 45 K, shown in Figures 2.29 and 2.30, with the 45 K data displaying behavior
consistent with canted antiferromagnetic behavior and a Weiss constant of θ = -32 K. A
fit of the high temperature susceptibility data to the Curie-Weiss law yielded an effective
moment of 6.19 µB, consistent with the spin only moment of 6.10 µB.
Sm2NiIrO6, with magnetic cations on the A, B and B’ sites undergoes a sharp
ferromagnetic-like transition at 152 K under a field of 0.1 T and unlike the previous
compounds, lacks a clear low temperature antiferromagnetic transition, shown in Figure
2.31. This compound exhibits significant field dependence under a field of 0.1 T that is
somewhat suppressed at the higher 1 T field, shown in Figure 2.32. Hysteresis is clearly
observed in the magnetization vs. field data at both 2 K and 45 K, Figures 2.33 and 2.34,
although the saturation magnetization value is lower than previous compounds. The 300
K moment of 3.95 µB is close to the expected moment of 4.13 µB.
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Figure 2.26 Temperature dependence of the magnetic susceptibility for Nd2NiIrO6 at 0.1
T, with field cooled data shown in blue, zero field cooled data shown in green.

70

Figure 2.27 Temperature dependence of the magnetic susceptibility for Nd2NiIrO6 at 0.1
T, with field cooled data shown in blue, zero field cooled data shown in green, and
inverse magnetic susceptibility shown in red.
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Figure 2.28 Temperature dependence of the magnetic susceptibility for Nd2NiIrO6 at 1 T,
with field cooled data shown in blue, zero field cooled data shown in green, and inverse
magnetic susceptibility shown in red.
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Figure 2.29 Magnetization (BM) versus magnetic field (T) for Nd2NiIrO6 ranging from 0
to 5 Tesla at 2 K.
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Figure 2.30 Magnetization (BM) versus magnetic field (T) for Nd2NiIrO6 ranging from 0
to 5 Tesla at 45 K.
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Figure 2.31 Temperature dependence of the magnetic susceptibility for Sm2NiIrO6 at 0.1
T, with field cooled data shown in blue, zero field cooled data shown in green, and
inverse magnetic susceptibility shown in red.
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Figure 2.32 Temperature dependence of the magnetic susceptibility for Sm2NiIrO6 at 1
T, with field cooled data shown in blue, zero field cooled data shown in green, and
inverse magnetic susceptibility shown in red.
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Figure 2.33 Magnetization (BM) versus magnetic field (T) for Sm2NiIrO6 ranging from 0
to 5 Tesla at 2 K.
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Figure 2.34 Magnetization (BM) versus magnetic field (T) for Sm2NiIrO6 ranging from 0
to 5 Tesla at 45 K.
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The magnetic susceptibility of Eu2NiIrO6 at 0.1 T exhibits an even higher
temperature magnetic transition in this series of double perovskites, 162 K, shown in
Figure 2.35. This compound exhibits a clear divergence between the FC and ZFC data
that is only slightly diminished by an applied field of 1 T, shown in Figure 2.36.
Magnetization vs. field data shown in Figures 2.37 and 2.38 illustrate the hysteresis
present at both 2 K and 45 K, with similar magnetization values at both temperatures but
greater coercivity at 2 K. The observed saturation moment of only 0.8 µB is again
consistent with canted antiferromagnet behavior. Europium containing compounds
typically exhibit van Vleck paramagnetism,65, 66 and as a result do not obey the CurieWeiss law.
The magnetic susceptibility data of Gd2NiIrO6 is the most complex of the series
and exhibits the highest magnetic transition temperature at 170 K. This transition and the
complex behavior at temperatures below 170 K is affected significantly by a larger
applied field –- 0.1 T, shown in Figure 2.39 and Figure 2.40 vs. 1 T, shown in Figure
2.41. In the absence of a magnetic structure determination, it is not possible to explain
this complex behavior. Intriguingly, in an applied field of 0.1 T, the data below 170 K
exhibits two instances where the susceptibility takes on negative values. This is thought
to be due to spin orientations of the different magnetic cations, where only a subset
undergo a spin reorientation creating an apparent negative moment in the magnetometer.
Magnetization vs. field data at 2 K and 45 K, shown in Figure 2.42 and 2.43,
respectively, exhibit only a slight hysteresis and the magnetization reaches 10 µB at 2 K,
much higher than what is observed for the other compositions. A fit of the high
temperature susceptibility data to the Curie-Weiss law results in an effective moment of
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Figure 2.35 Temperature dependence of the magnetic susceptibility for Eu2NiIrO6 at 0.1
T, with field cooled data shown in blue, zero field cooled data shown in green, and
inverse magnetic susceptibility shown in red.
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Figure 2.36 Temperature dependence of the magnetic susceptibility for Eu2NiIrO6 at 1 T,
with field cooled data shown in blue, zero field cooled data shown in green, and inverse
magnetic susceptibility shown in red.
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Figure 2.37 Magnetization (BM) versus magnetic field (T) for Eu2NiIrO6 ranging from 0
to 5 Tesla at 2 K.
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Figure 2.38 Magnetization (BM) versus magnetic field (T) for Eu2NiIrO6 ranging from 0
to 5 Tesla at 45 K.
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Figure 2.39 Temperature dependence of the magnetic susceptibility for Gd2NiIrO6 at 0.1
T, with field cooled data shown in blue, zero field cooled data shown in green.
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Figure 2.40 Temperature dependence of the magnetic susceptibility for Gd2NiIrO6 at 0.1
T, with field cooled data shown in blue, zero field cooled data shown in green, and
inverse magnetic susceptibility shown in red.

85

Figure 2.41 Temperature dependence of the magnetic susceptibility for Gd2NiIrO6 at 1 T,
with field cooled data shown in blue, zero field cooled data shown in green, and inverse
magnetic susceptibility shown in red.
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Figure 2.42 Magnetization (BM) versus magnetic field (T) for Gd2NiIrO6 ranging from 0
to 5 Tesla at 2 K.
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Figure 2.43 Magnetization (BM) versus magnetic field (T) for Gd2NiIrO6 ranging from 0
to 5 Tesla at 45 K.
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11.35 µB, close to the calculated moment of 11.71 µB.
In this series, the presence of multiple magnetic elements and multiple potential
magnetic coupling pathways makes it difficult to make definitive statements about the
magnetic behavior in this series. Neutron diffraction experiments are planned to further
investigate their complex magnetic structures of these oxides.

Nonetheless, several

trends in this series are observed which are summarized in Figure 2.44. As the A site
cation size decreases, the monoclinic distortion increases, as reflected by the M—O—Ir
angle changing from 144.0

°

for Gd to 150.7

°

for La. Also, concomitantly with the

monoclinic distortion increasing and the Ni—O—Ir bond angle decreasing, an increase in
the highest ordering temperature is observed, ranging from 87 K for La to 170 K for Gd.
In this series we do not observe ferromagnetic behavior, but rather behavior that is
consistent with canted antiferromagnetism. This is consistent with the Kanamori—
Goodenough rules67 that predict antiferromagnetic coupling for bond angles of 180° and
ferromagnetic behavior for bond angles closer to 90°.
Conclusion
Well faceted single crystals of a series of monoclinic distorted double perovskites
of the general formula Ln2MIrO6 (Ln = La, Pr, Nd, Sm—Gd; M = Mg, Ni) were grown
from a molten potassium hydroxide flux. Attempts to study the complex magnetic
interactions occurring in the versatile double perovskite structure type were undertaken
by synthesizing compositions containing one, two, and three different magnetic ions. The
magnetic susceptibility and the field dependent magnetization were measured for all the
synthesized compositions. An analysis of the structural and magnetic data indicated that
smaller A site lanthanide cations lead to larger monoclinic distortions in the unit cell and,
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Figure 2.44 The highest ordering temperature of each composition and Ni-O-Ir bond
angle versus ionic radius of lanthanide A site cation for Ln2NiIrO6 (Ln = La, Pr, Nd, SmGd).
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concomitantly, smaller Ni—O—Ir bond angles that correlate with higher magnetic
ordering temperatures. The magnetic susceptibility and field dependent magnetization
data were both consistent with canted antiferromagnetism for most titled compositions,
indicating a possible trend of increased spin canting, and thus increased ferromagneticlike interactions, as a function of smaller lanthanide A site cation size. A more rigorous
investigation of the magnetic interactions, and the magnetic unit cell, is needed to
elucidate all interactions present.
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CHAPTER III
INSIGHT INTO 3d-5d-4f SUPEREXCHANGE INTERACTIONS IN A
SERIES OF DOUBLE PEROVSKITE IRIDATES: Ln2NiIrO6 (Ln = La, Pr,
Nd)1

Ferreira, T.; Calder, S.; Singh, D. J.; zur Loye, H.-C. J. Am. Chem. Soc. In
Preparation.
1
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Abstract
A comprehensive reinvestigation of the previously reported Ln2NiIrO6 (Ln = La,
Pr, Nd) using neutron powder diffraction, resonant inelastic X-ray scattering, and density
functional theory (DFT) calculations to better understand the role superexchange plays in
the scarcely studied hybrid 3d-5d-4f compositions was conducted. First principles DFT
calculations seek to better understand the source of frustration in the canted
antiferromagnetic composition La2NiIrO6, the existence of two independent magnetic
sublattices in Pr2NiIrO6, and the role Nd plays in the low temperature long range
magnetic order in Nd2NiIrO6. Resonant inelastic X-ray scattering was measured,
confirming that spin orbit coupling splits the t2g manifold of octahedral Ir(IV) into a Jeff =
½ and Jeff = 3/2 state.
Introduction
Perovskites are one of the most rigorously studied solid-state materials because
the modular nature of this structure allows for the incorporation of a wide range of
elements, within the limitations outlined by the Goldschmidt tolerance factor.1–4 The
ability to stabilize a diversity of elements with different, and often mutually exclusive,
physical properties within the same material makes the perovskite structure type a model
system to study a rich diversity of magnetic and electronic properties.5–18 For this reason,
many hybrid 3d-5d(4d) solid-state structures adopt the perovskite structure type, and host
a variety of physical properties originating from a delicate balance of fundamental forces.
For example, unpaired 3d electrons strongly correlate to 2p oxygen electrons in a
perovskite lattice, often resulting in technologically useful properties such as
ferromagnetism19, ferroelectricity20, and multiferroicism5. By contrast, the greater orbital
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extent of heavier 5d elements, weaker electron correlation strength, and stronger spinorbit coupling (SOC) can lead to metal-insulator transitions21, topological insulation22,
superconductivity,23 and a split of the t2g manifold into a Jeff = ½ and Jeff = 3/2 state,
leading to complex properties such as Mott insulation.24–35 Hybrid perovskites containing
both 3d and 5d elements have been reported to exhibit a wide range of properties
characteristic of both 3d and 5d containing oxides, in addition to incredibly high
magnetic ordering temperatures, (TC = 725 K) such as that observed in Sr2CrOsO6,
further motivating the study of perovskites as a host lattice to investigate the balance of
competing interactions.
Compared to the single perovskite (ABO3) with only one B site, the double
perovskite has the formula A2BB’O6, allowing for two crystallographically unique sites
on which up to three magnetic ions may reside. Most studies of double perovskites limit
the number of magnetic cations to one or two, often on the B and B’ site for ease of study,
although exceptions do exist.8, 13 This allows for the possibility of studying the interaction
between superexchange (B-O-B’) and super-superexchange interactions (B-O-B’-O-B),
such as that studied in Ca2MOsO6 (M = Co, Ni)17 In this study by Morrow et al., it was
demonstrated that strong antiferromagnetic coupling between Os and Co/Ni stabilized the
ferrimagnetic ground state, indicating strong superexchange interactions, and weak supersuperexchange interactions. Interestingly, the chemical substitution of nonmagnetic Ca in
these materials for Sr results in Sr2CoOsO6, which has been shown to exhibit strong
super-superexchange interactions (Os-O-Co-O-Os and Co-O-Os-O-Os) resulting in two
interpenetrating antiferromagnetic magnetic sublattices.15 These sublattices have
independent magnetic ordering temperatures (Os: TN = 108 K; Co: TN = 70 K) and
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propagation vectors (Os: k = ½, ½, 0; Co: k = ½, 0, ½), in direct contrast to the nearly
isostructural and isovalent Ca2CoOsO6 analog. The subtle structural change associated
with substitution of Ca for Sr resulted in a drastic change in superexchange strength,
magnetic ordering temperature, and the nature of the long range magnetic order
(ferrimagnetic Ca2CoOsO6 and antiferromagnetic Sr2CoOsO6), exemplifying how
sensitive

these

hybrid

perovskites

are

to

chemical

changes.

One method material scientists use to better understand the complicated
relationship between superexchange interactions and magnetic order in condensed matter
is a set of semi-empirical guidelines known as the Kanamori-Goodenough rules.36 These
rules provide a fairly accurate method for determining the mathematical sign of
superexchange interactions, predicting antiferromagnetic order for linear M-X-M
interactions (where X is a bridging anionic unit such as a chalcogenide or halide) and
ferromagnetic order for 90 ° M-X-M interactions. Although these rules have been shown
to successfully predict superexchange interactions for perovskites, poor energetic overlap
between magnetic cations, such as those in mixed 3d-5d oxides, can lead to violations of
these rules. One such example is the hybrid 3d-5d double perovskite Sr2FeOsO6,37 in
which

the

bent

Os-O-Fe

superexchange

interaction

in

ab

plane

exhibited

antiferromagnetic order, and these bonds exhibited ferromagnetism in the c axis despite
the 180 ° Os-O-Fe bond angle. Exceptions such as these and others continue to motivate
the study of hybrid 3d-5d complex oxides, and serves as a motivating factor for this
work.
Herein is reported a comprehensive investigation of Ln2NiIrO6 (Ln = La, Pr, Nd)
using neutron powder diffraction, resonant inelastic X-ray scattering, and density
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functional theory (DFT) calculations to better understand the role superexchange plays in
the scarcely studied hybrid 3d-5d-4f compositions. These materials were previously
reported by our group8 and this study seeks to elucidate the magnetic structure of all three
compositions, and use DFT calculations to explain the source of spin canting in
La2NiIrO6, the presence of independent magnetic sublattices in Pr2NiIrO6, and the role
Nd plays in the low temperature long range magnetic order in Nd2NiIrO6. Additionally,
resonant inelastic X-ray scattering was utilized to investigate how SOC affects the t2g
manifold of all titled materials.
Experimental Section
Reagents. Ln2O3 (Ln = La, Pr, Nd) (Alfa Aesar 99.99%) and Pr6O11 (Alfa Aesar
99.9%) were all heated in air at 1000 °C in a tube furnace overnight to remove any
possible hydroxide or carbonate impurities. Pr6O11 (Alfa Aesar, 99.99%) was reduced to
Pr2O3 under 5% hydrogen at 1000 °C in a tube furnace overnight. NiO (Sigma Aldrich,
99.999%) and Ir powder (Engelhard, 99.9995%) were used as received.
Synthesis. Polycrystalline samples of Ln2NiIrO6 (Ln = La, Pr, Nd) were prepared
by intimately grinding Ln2O3, Ni, and Ir metal in stoichiometric amounts and heating the
resultant powder in air in an alumina crucible with a loose fitting lid. The samples were
heated to 800 °C for 72 hours, 900 °C for 72 hours, and 975 °C for 168 hours with
intermediate grindings in a programmable furnace. For Pr2NiIrO6, an addition heating at
1025 °C for 96 hours with intermediate grindings was necessary.
Neutron Powder Diffraction. Neutron diffraction measurements were made on 5
gram samples of each titled material at Oak Ridge National Laboratory on instrument
HB-2A at the High Flux Isotope Reactor (HFIR). Measurements were performed with the
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samples loaded into 1mm Al annular cans to reduce background. Two wavelengths were
measured for each temperature, 1.54 Å and 2.41 Å, for superior Q coverage and high
resolution low Q coverage, respectively. The Rietveld refinement method and k vectors
were determined using Fullprof,38 and magnetic structure determination via
representational analysis was conducted using SARAh.39
Resonant Inelastic X-ray Scattering. Resonant inelastic X-ray scattering
(RIXS) was carried out on the MERIX spectrometer, sector-27 at the Advanced Photon
Source (APS). The incident energy was tuned to the Ir L3-edge (11.215 keV) meaning
the contribution to the inelastic spectrum (energy loss) can be attributed solely to the Ir
ion. The inelastic energy was measured with the use of a Si analyzer. The energy
resolution was determined to be 35meV at full width half max (FWHM), based on fitting
the quasi-elastic line to a charge peak. The scattering plane and incident photon
polarization were both horizontal, i.e. pi incident polarization, with the incident beam
focused to a size of 40 × 25 µm2 (H×V) at the sample position. To minimize elastic
scattering measurements were performed with 2θ at 90 degrees. All measurements were
performed on powder samples mounted onto an Al block inside a CCR. Scans at 5 K, 30
K and 150 K were collected.
Results and Discussion
Magnetic Structure Determination. Neutron powder diffraction measurements
were run on all three titled materials to confirm structural parameters and determine the
magnetic structure. The composition La2NiIrO6 was measured for ten consecutive hours
at four different temperatures: 4 K, 40 K, 65 K, and 100 K, based on previously reported
SQUID measurements to elucidate if observed magnetic transitions corresponded to
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independent long range magnetic ordering structures.8 The 100 K measurement is above
the highest observed magnetic transition and thus was measured to obtain a good
structural model, shown in Figure 3.1. No impurities were detected in the neutron data.
Upon cooling below 100 K, the temperature regime in which magnetic order is expected
for this material, the presence of four additional Bragg reflections was observed, most
notably at 17.47° 2θ, shown in Figure 3.2. These magnetic reflections were present at 65
K, 40 K, and 4 K, but intensity was highest in the 4 K data set, and thus this temperature
data set was analyzed further. Using the k search function in Fullprof, a propagation
vector of k = (½, ½, 0) was determined. By inputting this k vector, the symmetry of the
nuclear structure (P21/n), and atomic positions of the magnetic ions into the SARAh
software, it was determined that four different irreproducible representations are possible
to account for this result. All four magnetic models were fit to the data, but only Γ2
(Kovalev numbering scheme)39, with basis vectors in the a directions, were able to
account for the observed intensities of the magnetic reflections. Refinement of the data
set yielded a moment of 1.53(5)µB for Ni(II) and 0.17(3) µB for Ir(IV), corresponding to
long range antiferromagnetic order in the a direction. Addition of a second magnetic
model, Γ4, which introduces antiferromagnetic order in the c direction, was shown to
fully satisfy the measured magnetic scattering intensity, with Rmag values for each model
shown in Table 3.1. The final magnetic model (Γ2 and Γ4) corresponds to canted
antiferromagnetic order in the ac plane with a canting angle of 32.4(0.7)° off the c axis,
shown in Figure 3.3.
The composition Pr2NiIrO6 was measured at 1.5, 20, 75, and 125 K, based on
previous SQUID measurements, with the high temperature measurement shown in Figure
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Figure 3.1 Neutron powder diffraction pattern (λ=2.41 Å) of La2NiIrO6 collected at 100
K. Data shown in red is fit to the calculated data, shown in black, based off the CIF file.
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Figure 3.2 Neutron powder diffraction pattern (λ=2.41 Å) of La2NiIrO6 collected at 4 K.
Data shown in red is fit to the calculated magnetic model, shown in black, based off Γ2
and Γ4. The tick marks correspond to magnetic reflections.
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Table 3.1 Agreement Indices (Rmag) for La2NiIrO6 with no spin canting (Γ2 only) and
with spin canting (Γ2 and Γ4)
Rmag (Γ2)
Rmag (Γ2 and Γ4)

22.1
6.25

Figure 3.3 Polyhedral representation of the magnetic and nuclear structure of La2NiIrO6
(left) and magnetic-atom only representation (right). The unit cell is outlined with the
blue dashed line.
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3.4 to confirm purity and obtain a good starting structural model. Upon cooling below
125 K, additional Bragg reflection appeared, most notably at 31.03° 2θ but unlike in the
composition La2NiIrO6, the measurement at 1.5 K revealed magnetic reflections not
present at 20 K or 75 K, suggesting the presence of two independent magnetic sublattices,
shown in Figure 3.5. There was no difference between the 20 K and 75 K measurements
apart from increased intensity of the new magnetic reflections at the lower temperature
measurement and, therefore, this data set was selected to search for a k vector: a
propagation vector of k = (0, 0, 0) was determined. Given this k vector and P21/n
symmetry of the nuclear structure, two possible irreproducible representations are
present, but after fitting both magnetic models to the data, only Γ1 (Kovalev numbering
scheme) with basis vectors in the b axis satisfactorily accounted for the observed
magnetic scattering intensity. This model, shown in Figure 3.6, corresponds to a
ferrimagnetic arrangement of nickel, 1.62(3)µB, and iridium, 0.25(3)µB, with an Rmag of
8.8. Due to the spin canting observed in La2NiIrO6, Γ3 was introduced to see if canting
would improve the ferrimagnetic model, but Rmag values significantly larger than 8.8
were obtained.
As shown in Figure 3.5, the neutron powder measurement at 1.5 K revealed two
magnetic reflections at 24.40° 2θ and 43.88° 2θ that were not present at higher
temperatures. Interestingly, this low temperature measurement also revealed magnetic
reflections 30.25° 2θ and 31.03° 2θ that were present at 20 K, indicating that two
completely independent magnetic sublattices are present in this material. Although no
clear magnetic transitions were present in the previously reported SQUID data, the 20 K
magnetic model for Pr2NiIrO6 did not include Pr, and 4f lanthanide ions are known to
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Figure 3.4 Neutron powder diffraction pattern (λ=2.41 Å) of Pr2NiIrO6 collected at 125
K. Data shown in red is fit to the calculated data, shown in black, based off the CIF file.
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Figure 3.5 Neutron powder diffraction pattern (λ=2.41 Å) of Pr2NiIrO6 collected at 1.5
K, 20 K, and 125 K over a 2θ range of 23-46. The presence of magnetic Bragg reflections
at 1.5 K, notably at 24.40 2θ and 43.88 2θ are only present at 1.5 K, suggesting the
presence of two independent magnetic sublattices.
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Figure 3.6 Polyhedral representation of the magnetic (20 K) and nuclear structure of
Pr2NiIrO6 (left) and magnetic-atom only representation (right). The unit cell is outlined
with the blue dashed line.
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magnetically order at low temperatures, suggesting that this magnetic sublattice
corresponds to Pr ordering. A propagation vector of k = (0, 0, 0) was determined, and of
the four possible irreducible representations that are consistent with this k vector and the
P21/n symmetry of the nuclear structure, none were able to adequately account for the
observed magnetic scattering intensity. One reason a magnetic model has not been
determined is the intensity difference between the reflections at 23.40° 2θ and 43.88° 2θ.
The magnetic form factor is known to drop off rapidly with increasing q (and thus 2θ),
yet the earliest observed magnetic reflection is only half the intensity of the latter peak.
Secondarily, the latter peak differs greatly in 2θ position compared to the earlier peak,
which is unusual for magnetic reflections. Although no model satisfactorily accounts for
the observed magnetic scattering intensity, Γ1 best fits the 2θ positions, and corresponds
to a ferromagnetic arrangement in the a axis with a moment of 1.72(6)µB and an Rmag =
23.8. Additional neutron diffraction investigations into this low temperature regime are
needed to fully resolve the Pr magnetic structure.
The composition Nd2NiIrO6 was measured at 4, 40, and 150 K, based on previous
SQUID measurements, with the high temperature measurement shown in Figure 3.7 to
confirm purity and obtain a good starting structural model. The 40 K measurement
revealed four magnetic Bragg reflections, the most intense of which is at 31.42° 2θ,
shown in Figure 3.8. Using the Fullprof k search function, a propagation vector of k = (0,
0, 0) was determined. Given this k vector and P21/n symmetry of the nuclear structure,
two possible irreproducible representations are present. After fitting both magnetic
models, only Γ1 best fits the observed magnetic scattering intensities, corresponding to a
ferrimagnetic arrangement of Ni and Ir in the b axis, identical to that observed in
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Figure 3.7 Neutron powder diffraction pattern (λ=2.41 Å) of Nd2NiIrO6 collected at 150
K. Data shown in red is fit to the calculated data, shown in black, based off the CIF file.
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Figure 3.8 Neutron powder diffraction pattern (λ=2.41 Å) of Nd2NiIrO6 collected at 40
K. Data shown in red is fit to the calculated magnetic model, shown in black, based off
Γ1 .
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Pr2NiIrO6 at intermediate temperatures (20 K and 75 K). Magnetic moments of 1.71(2)µB
(Ni) and 0.32(7)µB (Ir) were determined, corresponding to an Rmag = 25.7. The higher
agreement index of this fit compared to previous refinements is due to the very weak
intensity of the magnetic reflections, resulting in a poor signal to noise ratio, despite the
use of Al annular cans to minimize the background from inelastic scattering.
Upon cooling to 4 K, the observed magnetic reflections at 40 K disappeared and
two new magnetic reflections appeared, with the most intense reflection at 25.23° 2θ,
shown in Figure 3.9. A propagation vector of k = (½, ½, 0) was determined, and four
possible irreproducible presentations were analyzed. The best fit to the observed
magnetic scattering intensity was a model containing Γ2, corresponding to an
antiferromagnetic arrangement of Ni/Ir in the a axis, and Γ4, corresponding to Nd
ordering antiferromagnetically in the a axis. This combined magnetic model describes the
entire structure as having one antiferromagnetic lattice in the a axis, shown in Figure
3.10, which is consistent with the sharp antiferromagnetic transition observed in the
previously measured SQUID data. For ease of view, independent antiferromagnetic
sublattices for Ni/Ir and Nd are included as Figures 3.11 and 3.12, respectively. Magnetic
moments of 2.20(4)µB (Nd), 1.27(4)µB (Ni) and 0.22(5)µB (Ir) were determined,
corresponding to an Rmag = 17.8. Similar to the 40 K measurement, the higher agreement
index of this fit compared to previous refinements is due to the weak intensity of the
magnetic reflections.
Determination of SOC-Induced t2g manifold split. To determine the presence
of a Jeff = ½ state, characteristic of many heavy 5d containing oxides due to the increased
strength of SOC (0.7 eV), RIXS was carried out on all three titled materials on the
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Figure 3.9 Neutron powder diffraction pattern (λ=2.41 Å) of Nd2NiIrO6 collected at 4 K.
Data shown in red is fit to the calculated magnetic model, shown in black, based off Γ2
and Γ4.
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Figure 3.10 Polyhedral representation of the magnetic (4 K) and nuclear structure of
Nd2NiIrO6 (left) and magnetic-atom only representation (right). The unit cell is outlined
with the blue dashed line.
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Figure 3.11 Magnetic-atom only representation of the magnetic (4 K) structure of
Nd2NiIrO6 showing only the Ni and Ir magnetic sublattices. The unit cell is outlined with
the blue dashed line.
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Figure 3.12 Magnetic-atom only representation of the magnetic (4 K) structure of
Nd2NiIrO6 showing only the Nd magnetic sublattice. The unit cell is outlined with the
blue dashed line.
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Figure 3.13 Resonant Inelastic X-ray Scattering for Ln2NiIrO6 (Ln = La, Pr, Nd) run at 5
K. The lower energy peak (0.7 eV) corresponds to the energy difference between the Jeff
= 1/2 and Jeff = 3/2 bands induced via SOC, and the higher energy (3.5 eV) corresponds
to the splitting of the t2g and eg levels due to crystal field splitting on Ir as a result of the
surrounding oxygen.
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MERIX spectrometer, sector-27 at the APS, shown in Figure 3.13. The broad, higher
energy (3.5 eV) peak corresponds to the splitting of the t2g and eg levels due to crystal
field splitting of the Ir atom as a result of the surrounding oxygen anionic lattice. The
much sharper, lower energy peak (0.7 eV) corresponds to the splitting of the t2g manifold
into a Jeff = 1/2 and Jeff = 3/2 state, characteristic of many complex iridates.40 The singular
unpaired electron present in the Jeff = 1/2 level for 5d4 Ir(IV) is commonly observed as
possessing a significantly reduced magnetic moment, such as that observed in Pr2NiIrO6
(0.25(3)µB), corroborating this measurement. The presence of a second sharp peak around
0 eV is commonly observed in other complex iridates that undergo this t2g manifold split,
such as in Li2IrO3,40 and thus further supports this conclusion.
Conclusion
A series of double perovskite iridates of the general formula Ln2NiIrO6 (Ln = La,
Pr, Nd) was reinvestigated using neutron powder diffraction and resonant inelastic X-ray
scattering to elucidate the role superexchange plays in hybrid 3d-5d-4f compositions. The
composition La2NiIrO6 was determined to be a canted antiferromagnetic in the ac plane.
Two independent magnetic sublattices (Pr and Ni/Ir) were found in the composition
Pr2NiIrO6, corresponding to b axis ferrimagnetic order between Ni and Ir, and a currently
unresolved low temperature Pr ordering. Similar to Pr2NiIrO6, the Nd analog displays b
axis ferrimagnetism between Ni and Ir, but upon Nd ordering, the entire structure orders
antiferromagnetically along the a axis. RIXS was measured for all samples, confirming
that spin orbit coupling splits the t2g manifold of octahedral Ir(IV) into a Jeff = ½ and Jeff =
3/2 state.
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CHAPTER IV
Ba3Fe1.56Ir1.44O9: A POLAR SEMICONDUCTING TRIPLE PEROVSKITE
WITH NEAR ROOM TEMPERATURE MAGNETIC ORDERING1

Ferreira, T.; Carone, D.; Huon, A.; Herklotz, A.; Stoian, S. A.; Heald, S. M.;
Morrison, G.; Smith, M. D.; zur Loye, H.-C. Inorg. Chem. 2018. Submitted.
1
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Abstract
The crystal chemistry and magnetic properties for two triple perovskites,
Ba3Fe1.56Ir1.44O9 and Ba3NiIr2O9, grown as large, highly faceted single crystals from a
molten strontium carbonate flux, are reported. Unlike the idealized A3MM2’O9 hexagonal
symmetry characteristic of most triple perovskites, including Ba3NiIr2O9, Ba3Fe1.56Ir1.44O9
possesses significant site-disorder, resulting in a noncentrosymmetric polar structure with
trigonal symmetry. The valence of iron and iridium in the heavily distorted Fe/Ir sites
was determined be Fe(III) and Ir(V) by X-ray Absorption Near Edge Spectroscopy
(XANES). Density Functional Theory calculations were conducted to understand the
effect of the trigonal distortion on the local Fe(III)O6 electronic structure, and the spin
state of iron was determined to be S = 5/2 by Mössbauer spectroscopy. Conductivity
measurements indicate thermally activated semiconducting behavior in the trigonal
perovskite. Magnetic properties were measured and near room temperature magnetic
ordering (TN = 270 K) was observed for Ba3Fe1.56Ir1.44O9.
Introduction
The perovskite structure type is one of the most versatile structure types known to
solid state chemistry, with reported cases of perovskites of diverse compositions
crystallizing in all seven crystal systems.1–11 This unique flexibility has given rise to a
plethora

of

physical

properties

such

as

ferromagnetism12,

ferroelectricity13,

superconductivity14, metal-to-insulator transitions15, giant magnetoelastic effects16, and
multiferroics17 that serve as motivation for the continued study of complex perovskite
oxides. The compositional versatility of the perovskite structure type stems from the
variety of possible stacking sequences of [AO3] layers, which serve as the building blocks
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with which the perovskite structures are generated. Cubic single (ABO3) and double
perovskites (A2BB’O6) consist exclusively of corner-sharing octahedra which are formed
from close-packing [AO3] layers in an ABC sequence, with the octahedral sites being
occupied by the B site ion. By contrast, hexagonal single perovskites contain only facesharing BO6 octahedra due to close-packing of [AO3] layers in an AB arrangement and
the filling of the octahedral sites by the B site ion. More complex structures, such as triple
(A3BB’2O9) and quadruple (A4BB’3O12) perovskites are generated by the simultaneous
presence of both ABC and AB stacking sequences, resulting in combinations of both
corner-sharing and face-sharing BO6 octahedra. The ability of this structure type to adopt
an assortment of different stacking sequences and, in addition, accommodate a variety of
metal cations, including those with unpaired electrons, in unique crystallographic
positions with flexible bond angles, makes the perovskite family a convenient system
with which to study structure-property relationships.
Triple perovskites, in particular, have been reported to adopt hexagonal, trigonal,
orthorhombic, and monoclinic symmetries, in a large part due to their ability to host an
extremely wide range of different-sized cations, including alkali, alkaline earth, and
lanthanide metal cations on the A site, nearly any d-block element or lanthanide on the B
and B’ sites, and O2-, various chalcogenides and halides on the anionic sites.2–4, 9, 18–29
Such versatility, which has led to the observation of metallic conductivity18, giant
magnetoelastic properties16, spin-liquid states30, and room temperature ferromagnetism31,
is inaccessible in most other solid state structures. The ease with which the perovskite
structure type accommodates different elements allows the solid state chemist to
judiciously select metal cations that are believed to be conducive to the creation of long
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range magnetic order in crystallographic environments where magnetic interactions are
possible. Considering the idealized triple perovskite structure that has three
crystallographically unique sites, the twelve coordinate A site, typically occupied by a
larger (>1 Å) divalent non-magnetic cation (primarily Ba2+ and sometimes Sr2+), and the
two B-sites, typically occupied the by a smaller di-, tri-, tetra- or penta-valent cation. The
latter sites consist of an isolated BO6 octahedral environment and a face-sharing B’2O9
octahedral dimer site in which magnetic cations can be located. Most reported
compositions contain a 3d metal cation on the BO6 octahedral site that corner shares to a
4/5d metal cation occupying the B’2O9 dimers. For charge balancing reasons, the sum of
the oxidation states of B and B’ are limited to +12 when A is divalent. This often leads to
divalent B sites and pentavalent B’ sites, such as in Ba3CuRu2O91 and Ba3NiIr2O919.
Although less common, trivalent B sites and mixed-valent B’ sites are known and include
Ba3LnIr2O9 and Ba3LnRuIrO9 (Ln = lanthanides, Y).4, 5
Investigation of the magnetic properties of complex platinum group metal
containing perovskites has been conducted for decades, both by our

3, 5, 6, 8, 10, 22, 23, 32–39

and other groups.1, 2, 4, 7, 9, 12, 16, 18, 19, 21, 24, 25, 27, 28, 40, 41 Among these, iridates are of
particular interest for their electrical and magnetic properties and, as a heavy 5d element,
iridium experiences strong spin orbit coupling that competes with crystal field effects,
causing observed physical properties to be highly sensitive to changes in local chemical
environment 42. In a structure as easily tunable as a perovskite, there is significant interest
in studying how changes in chemical environment manifest themselves in observed
magnetic and electrical properties of iridates.39, 43–48 A study conducted by Jordan et al.24
that investigated these effects in a family of hexagonal perovskites BaIrxFe1-xO3-δ (x =
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0.2, 0.3, 0.6) concluded that even a small difference in Ir content (BaIr0.2Fe0.8O3-δ versus
BaIr0.3Fe0.7O3-δ) resulted in significant variation of both structure and observed magnetic
properties.
BaIr0.2Fe0.8O3-δ is a typical 6H triple perovskite with (hcc)2 stacking of AO3
layers, while BaIr0.3Fe0.7O3-δ is a less commonly observed 15R hexagonal perovskite with
(cchch)3 stacking of AO3 layers, resulting in some B’2O9 dimers corner sharing with each
other, instead of exclusively with BO6 octahedra, as in the 6H triple perovskite. The
significance of this study motivated the attempt to expand this family of iron and iridium
containing hexagonal perovskites as single crystals. Herein we report on a novel triple
perovskite, Ba3Fe1.56Ir1.44O9, synthesized as single crystals via a molten potassium
carbonate flux. This composition crystallizes in a unique noncentrosymmetric polar
trigonal structure due to significant split-site occupancy. The fully ordered hexagonal
triple perovskite Ba3NiIr2O9 was also synthesized as single crystals from a molten
carbonate flux for comparative purposes. Herein we present the crystal growth, structure
determination, oxidation state assignments, density functional theory calculations,
Mössbauer measurements, conductivity and magnetic properties of Ba3Fe1.56Ir1.44O9.
Experimental Section
Reagents. BaCO3 (Alfa Aesar 99.95%), Fe2O3 (Alfa Aesar 99.5%), NiO2 (Alfa
Aesar, 99.99%), Ir powder (Engelhard, 99.9995%), and K2CO3 (BDH, ACS Grade) were
used as received.
Synthesis. Single crystals of Ba3Fe1.56Ir1.44O9 were grown from a high
temperature potassium carbonate flux melt. BaCO3 (3 mmol), Fe2O3 (1 mmol), Ir (1
mmol), and K2CO3 (11g) were loaded into alumina crucibles with loose fitting alumina
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lids. The crucibles were heated to 1050 °C at 600 °C/hr, held there for 10 hr, slow cooled
to 800 °C at 5 °C/hr and then allowed to cool to room temperature by turning off the
furnace. The black hexagonal crystals were removed from the flux by dissolving the flux
in water assisted by sonication. The crystals were isolated by vacuum filtration. Single
crystals of Ba3NiIr2O9 were grown using a procedure similar to the one used to grow
Ba3Fe1.56Ir1.44O9 except for the substitution of Fe2O3 for NiO and a dwell temperature of
1150 °C, rather than 1050 °C.
Single Crystal X-ray Diffraction. The compound Ba3Fe1.56Ir1.44O9 crystallized as
lustrous black hexagonal bipyramidal rods. X-ray intensity data from a cleaved fragment
of approximate dimensions 0.04 x 0.04 x 0.03 mm3 were collected at 301(2) K using a
Bruker D8 QUEST diffractometer equipped with a PHOTON 100 CMOS area detector
and an Incoatec microfocus source (Mo Kα radiation, λ = 0.71073 Å). The data collection
covered 99.9% of reciprocal space to 2θmax = 80.53º, with an average reflection
redundancy of 32.7 and Rint = 0.039 after absorption correction. The raw area detector
data frames were reduced and corrected for absorption effects using the SAINT+ and
SADABS programs. Final unit cell parameters were determined by least-squares
refinement of 9875 reflections taken from the data set. Initial structural models for
various solutions were obtained with either SHELXS or SHELXT, or were taken from the
literature.49 Difference Fourier calculations and full-matrix least-squares refinement
against F2 were performed with SHELXL-2014 49 using the ShelXle interface.50
The compound crystallizes in the trigonal/hexagonal system. The pattern of
systematic absences in the intensity data showed many strong violations among the
classes 00l, l ≠ 2n and hhl, l ≠ 2n, indicating no 63 and c-glide symmetry elements are

131

present. 16 space groups are thereby possible. An initial solution was obtained in P3.
Subsequently the ADDSYM program was used to suggest higher symmetry space
groups.51 Eventually the acentric group P3m1 (No. 156) was found to be the best
description of the structure. The asymmetric unit in P3m1 consists of 18 atomic positions:
six barium atoms, six iron or mixed iron/iridium sites and six oxygen atoms. All barium
and Fe/Ir positions have site symmetry 3m.: Fe1, Fe2/Ir2, Ba1, Ba2 are located on site 1a;
Fe5/Ir5, Fe6/Ir6, Ba3, Ba4 on site 1b, and Fe3/Ir3, Fe4/Ir4, Ba5, Ba6 on site 1c. Oxygen
atoms O2, O5 and O6 are located on mirror planes (site 3d) and O1, O3 and O4 are
located on general positions (site 6e). Iron/iridium site mixing was identified on five of
the six transition metal sites by the behavior of the displacement parameters, which
refined either to a zero volume if refined as pure Fe or became abnormally large if refined
as pure Ir. Only site Fe1 refined to 100% iron. The other five sites were constrained to
full site occupancy. The refined occupancies are Fe2/Ir2 = 0.714(4)/0.286(4); Fe3/Ir3 =
0.110(8)/0.890(8); Fe4/Ir4 = 0.66(1)/0.34(1); Fe5/Ir5 = 0.481(9)/0.519(9); Fe6/Ir6 =
0.142(7)/0.858(7). All atoms were refined with anisotropic displacement parameters.
Isotropic restraints (SHELX ISOR instructions) were applied to oxygen atom O1 and O6
to prevent unacceptably flattened displacement ellipsoids. This is likely because of the
pseudo-symmetry of the structure, as discussed below. No deviation from full occupancy
was observed for any of the barium atoms. Oxygen atom occupancies were not refined.
The largest residual electron density peak and hole in the final difference map are +1.87
and -1.98 e-/Å3, located 0.04 Å from Fe3/Ir3 and 1.92 Å from O1, respectively. The
crystal was a merohedral twin emulating the higher (hexagonal) Laue group. Data were
refined with the twin matrix (-100 / 0-10 / 001), giving a major twin fraction 0.86(2).
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Each merohedrally related domain is further twinned by inversion, generating a total or
four individual component domains in the crystal. The domain volumes refined to
0.53(2)/0.33(2) and 0.09(2)/0.05(2) for the two merohedral domains.
The structure is a lower-symmetry variant of the common 6H triple perovskite
type with space group P63/mmc. In P63/mmc there are two symmetry-equivalent MO6
octahedra (metal atoms at 000 and 00½) and two symmetry-equivalent M2O9 face-shared
bioctahedra per unit cell. Each M2O9 bioctahedron has one independent metal atom site,
the other being generated by the -6m2 site symmetry of the group. The space group
symmetry in Ba3Fe1.56(2)Ir1.44(2)O9 is lower because of partial ordering of Fe and Ir in the
MO6 and M2O9 octahedra, especially on the two MO6 sites, and to a lesser extent on the
M2O9 sites. Trial solution in P63/mmc was clearly poor, with R1 > 7% and large
difference map extrema (e.g. +8.5/-12.0 e-/Å3). In P3m1 (and P-3m1) the MO6
octahedral sites Fe1 (at 0,0,z with z ~ 0) and Fe2/Ir2 (0,0,z with z ~ 1/2) are inequivalent
because of different site composition (100% Fe and 71.4% Fe / 28.6% Ir, respectively).
This non-equivalence is the reason the aristotype (“Ba3FeIr2O9”) space group P63/mmc is
incompatible and why the strong 00l and hhl (l ≠ 2n) systematic absence violations are
observed (the 63 axis maps site 000 onto 00½ e.g.). Other hexagonal space groups
(P63mc, P-6m2, etc.) are incompatible because they also generate one unique MO6 site or
equivalent M2O9 sites per unit cell. Examination of the P3m1 structure suggests
centrosymmetry. Adding an inversion center generates P-3m1. In P-3m1 the two MO6
groups remain independent but equivalence is imposed on the two M2O9 units allowed in
P3m1. The inversion symmetry of P-3m1 is therefore broken by the divergent
occupancies primarily of the Fe4/Ir4 (0.66 Fe / 0.34 Ir) and Fe5/Ir5 (0.52 Fe / 0.48 Ir)
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bioctahedra. Solution and refinement in P-3m1 does produce good statistics (R1 = 0.027 /
wR2 = 0.045) but reflects the non-equivalent Fe/Ir sites in the large difference map
features of +4.95 and -5.43 e-/Å3, located near Fe3/Ir3 and Fe4/Ir4, respectively. Because
of better residuals, flatter residual electron density difference map, and the observation of
non-equivalent Fe/Ir site occupancies, the acentric space group P3m1 was retained as a
better description of the structure. The barium and oxygen substructures are compatible
with various higher symmetry descriptions, which is likely the cause of the oxygen
displacement parameter instability in the subgroup P3m1. The structure is therefore
pseudosymmetric with small differences the Fe/Ir site mixing determining the correct
symmetry.
X-ray intensity data from a lustrous black crystal of approximate dimensions 0.04
x 0.02 x 0.02 mm3 were collected for Ba3NiIr2O9 at 301(2) K using a Bruker D8 QUEST
diffractometer equipped with a PHOTON 100 CMOS area detector and an Incoatec
microfocus source (Mo Kα radiation, λ = 0.71073 Å). The data crystal was cleaved from
a hexagonal bar. The data collection covered 100% of reciprocal space to 2θmax = 75.6º,
with an average reflection redundancy of 49.6 and Rint = 0.0330 after absorption
correction. The raw area detector data frames were reduced, scaled and corrected for
absorption effects using the SAINT+ and SADABS programs. Final unit cell parameters
were determined by least-squares refinement of 9972 reflections taken from the data set.
An initial structural model was taken from the literature. Subsequent difference Fourier
calculations and full-matrix least-squares refinement against F2 were performed with
SHELXL-201449 using the ShelXle interface.50
The compound crystallizes in the hexagonal system. The space group P63/mmc
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(No. 194) was consistent with the pattern of systematic absences in the intensity data and
was confirmed by structure solution. The compound adopts the hexagonal 6H triple
perovskite structure type. The asymmetric unit consists of six atoms: two barium atoms
(Ba1 on Wyckoff site 2b with site symmetry -6m2 and Ba2 on site 4f with site symmetry
3m.), one nickel atom (site 2a, symmetry -3m.), one iridium atom (site 4f, symmetry 3m.)
and two oxygen atoms (O1 on site 12k with symmetry .m. and O2 on site 6h with
symmetry mm2). All atoms were refined with anisotropic displacement parameters. No
deviation from full occupancy was observed for any of the metal atoms. The largest
residual electron density peak and hole in the final difference map are +2.05 and -1.98 e/Å3, both located < 0.7 Å from Ir1. Crystallographic data are listed in Table 4.1 and 4.2.
Energy Dispersive Spectroscopy (EDS). Single crystals of Ba3Fe1.56Ir1.44O9 and
Ba3NiIr2O9 were analyzed using a TESCAN Vega-3 SBU scanning electron microscope
(SEM) with EDS capabilities. All crystals were mounted on carbon tape and analysis was
carried out using a 20 kV accelerating voltage and an accumulation time of 20 s. EDS
verified the presence of Ba, Ir, and O and the respective transition metal element (Fe or
Ni). The absence of extraneous elements, such as potassium, was confirmed within the
detection limits of the instrument.
Electrical Resistivity. The electrical resistance of the single crystals was
recorded as a function of the temperature by a two-probe method with the measurement
along the thinnest side of the crystal (a axis). Silver paint electrodes were used as contact
points. The temperature was controlled from 300 K down to 10K in a Quantum Design
PPMS while the resistance was measured with a Keithley 2450 Sourcemeter.
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Table 4.1 Crystallographic Data for Ba3Fe1.56Ir1.44O9 and Ba3NiIr2O9
Empirical formula

Ba3Fe1.56Ir1.44O9

Ba3NiIr2O9

Formula Weight
(g mol-1)
Space group
Unit cell dimensions
a (Å)
c (Å)
V (Å3)
Z
Density (calculated)
(g cm-3)
Absorption coefficient
(mm-1)
F(000)
Crystal size (mm)

920.53

999.13

P3m1

P63/mmc

5.7403(2)
14.1595(4)
404.06(3)
2
7.566

5.7638(7)
14.3080(18)
411.65(11)
2
8.061

40.828

37.

783
0.04 x 0.04 x
0.03
40.265
34268
2087 (Rint =
0.0394)
1.068
R1 = 0.0247
wR2 = 0.0348
1.875 and -1.983

844
0.04 x 0.02 x
0.02
37.817
24241
471 (Rint =
0.0330)
1.326
R1 = 0.0220
wR2 = 0.0456
2.048 and 1.978

Θmax (deg)
Reflections collected
Independent Reflections
collected
Goodness-of-fit on F2
R indicies (all data)
Largest diff. peak.hole
(e- Å-3)
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Table 4.2 Interatomic distance and bond valence sum values for M-oxygen (M = Fe, Ni)
and Iridium-oxygen bonds in Ba3Fe1.56Ir1.44O9 and Ba3NiIr2O9
Empirical
formula
Ba3Fe1.56Ir1.
44O9

MetalOxygen
Bond
Fe1-O

Bond
Distance
(Å)
1.996(5) x
3
2.050(2) x
3
1.981(11)
x3
1.993(14)
x3
1.940(13)
x3
2.031(13)
x3
2.066(3) x
6
1.923(3) x
3
2.032(3) x
3

Ir3-O

Ir6-O

Ba3NiIr2O9

Ni-O
Ir-O
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Bond
Valence
Sum
2.95

4.95

5.01

2.09
5.14

Density Functional Theory Calculations. Calculations were performed with
ADF2014 software
PBESol
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using double-zeta DZP basis set with small frozen core, and

functional, using spin-unrestricted formalism. The structure FeO6 was capped

with 6 hydrogen, constrained at the required symmetry. The calculations used 5 unpaired
electrons and the total (-3) charge.
Mössbauer. The zero-field, room temperature
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Fe Mössbauer spectrum was

recorded using a spectrometer operated in a constant acceleration mode. The sample used
in this study consisted of 50 mg of polycrystalline powder dispersed in eicosane
contained in a custom-made polyethylene cup. The isomer shifts are quoted against the
centroid of a spectrum recorded at room temperature for a Fe metal foil.
Magnetic Susceptibility. Magnetic properties were measured on polycrystalline
samples of Ba3Fe1.56Ir1.44O9 and Ba3NiIr2O9 using a Quantum Design Magnetic Properties
Measurement System (QD MPMS 3 SQUID Magnetometer). Magnetic susceptibility was
measured under zero-field cooled (zfc) and field cooled (fc) conditions from 2-400 K at
an applied field of 0.1 T and 1.0 T. Magnetization as a function of field was measured
from 0-5 T at 2 K and 45 K. Data were corrected for sample shape and radial offset
effects as described previously.54
Results and Discussion
Triple Perovskite Structure. Structurally, perovskites are composed of [AO3]
layers that can stack in cubic close-packing arrangements to produce cubic single (ABO3)
or double (A2BB’O6) perovskites containing corner-shared octahedra, or hexagonal
closest-packing arrangements to produce hexagonal single perovskites (ABO3) containing
face-sharing octahedra. The mixing of both cubic (c) and hexagonal (h) close-packing
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layers of [AO3] leads to more complex structures, such as triple perovskites (A3BB’2O9),
that are composed of a (hcc)2 stacking sequence, shown in Figure 4.1. In its ideal form,
the triple perovskite contains a 12-coordinate A site, corner-sharing BO6 octahedra
formed from ABC stacking, shown in Figure 4.2A, and B’2O9 face-sharing dimers
resulting from AB stacking, shown in Figure 4.2B. In total, this high symmetry
composition contains four crystallographically unique cationic sites: two A sites, one B
site, and one B’ site, most commonly crystallizing in the hexagonal space group
P63/mmc, such as the herein reported Ba3NiIr2O9, whose structure is shown in Figure 4.3,
representing an ideal hexagonal triple perovskite.
As a compositionally versatile structure type, platinum group metal containing
triple perovskites have been reported to crystallize in non ‘idealized hexagonal’
structures, such as the orthorhombic Ba3CuRu2O9,1 monoclinic Ba3LnIr2O9,4 or trigonal
Ba3CaIr2O9 structures.9 The observation of three different crystal systems for the same
general structure type with similar A and B’ sites indicates that the identity of the B site
cation, in addition to the relationship between the relative sizes of the B and B’ site, both
strongly influence the resultant structure. For example, the composition Ba3NiRu2O921
crystallizes in the commonly reported hexagonal P63/mmc space group while
Ba3CuRu2O9 crystallizes in an orthorhombic space group due to Jahn-Teller distorted
CuO6. Similarly, Ba3LnIr2O9 crystallizes as P63/mmc for lanthanides smaller than Nd, but
for Ln = La, Nd the structure is monoclinic. Similar to the monoclinic Ba3LaIr2O9, the
composition Ba3CaIr2O9 is monoclinic under ambient conditions, but is trigonal when
synthesized under high pressure (5 GPa). Interestingly, trigonal perovskites are among
the least reported for this structure type, and in this specific case resulted in the traditional
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Figure 4.1 Polyhedral representation of an idealized hexagonal triple perovskite, with the
BO6 site shown in green as corner-sharing octahedra, and the B’2O9 site shown in grey as
face-sharing dimers. The stacking sequence of oxygen layers and resulting cubic or
hexagonal closest-packing layers are indicated by black arrows.
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Figure 4.2. Polyhedral representation of the local coordination environments present in
an idealized hexagonal triple perovskite. Corner-sharing BO6 octahedra are shown in
green (left) and face-sharing B’2O9 dimers are shown in grey (right).

141

Figure 4.3 Polyhedral representation of the hexagonal Ba3NiIr2O9, with barium shown as
blue spheres, NiO6 octahedra shown as green octahedra, and Ir2O9 dimers shown in grey.
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B’2O9 units becoming individual B’O6 units corner-shared to each other. It was reported
that significant changes in electrical resistivity and magnetic susceptibility were reported
as a result of this structural change. These examples are demonstrative of the chemical
sensitivity of this structure and serve as the starting points from which solid state
chemists can closely analyze and attempt to design reactions to bring about desired
structures and properties.
The

herein

reported

composition,

Ba3Fe1.56Ir1.44O9,

crystallizes

in

the

noncentrosymmetric polar space group P3m1, and a scanning electron microscopy image
of a crystal is shown in Figure 4.4 The reduction in symmetry and subsequent removal of
inversion symmetry from the idealized P63/mmc case is the direct result of significant site
disorder, shown in Figure 4.5. Unlike the idealized hexagonal triple perovskite which
contains two crystallographically unique B sites, one site for each B and B’, this distorted
trigonal variant contains six crystallographically unique sites in which five of them
contain both Fe and Ir on the same site, with the sixth site fully occupied by iron. The
conventional BO6 corner-shared octahedron found in hexagonal perovskites has become
two unique octahedral sites in this trigonal variant, one with full iron occupancy, and the
other with a 0.71Fe2/0.29Ir2 split occupancy. Also, unlike ideal triple perovskites, the
BO6 polyhedra do not possess local Oh symmetry, but rather possess local C3v symmetry,
shown in Figure 4.6, which is consistent with the Schönflies point group associated with
P3m1. Although it is expected for there to be irregular BO6 polyhedra due to sitedisorder, Fe1O6 is fully occupied and yet still exhibits two shorter equatorial bonds and
one shorter axial bond, indicating a shift of the Fe cation toward one of the polyhedral
faces, resulting in this this local C3v symmetry. The idealized B’2O9 units contain split
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Figure 4.4 Scanning electron micrograph of Ba3Fe1.56Ir1.44O9
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Figure 4.5 Polyhedral representation of the hexagonal Ba3Fe1.56Ir1.44O9, with barium
shown as blue spheres, Fe1O6 polyhedra shown in light green, the iridium-rich Ir6/Fe6
site shown as a grey polyhedra, the nearly equal mix of Ir5/Fe5 site shown as an orange
polyhedra, iron rich Fe2/Ir2 site shown as dark green polyhedra, the mixed Ir4/Fe4 site
shown as a purple polyhedra, and the iridium rich Ir3/Fe3 site shown as light blue
polyhedra.
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Figure 4.6 Polyhedral depiction of Fe1O6 in Ba3Fe1.56Ir1.44O9, indicating the local C3v
symmetry expected for the trigonal space group P3m1. Two equatorial bonds and one
axial bond are shortened, indicating a shift of the Fe cation toward one face of the
polyhedra.
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occupancy and are split into four unique sites for this composition, two of which are
iridium rich (0.86Ir6/0.14Fe6; 0.89Ir3/0.11Fe3) and two of which that are more evenly
split between iron and iridium (0.52Ir5/0.48Fe5; 0.34Ir4/0.66Fe4).
The observation of a non-centrosymmetric space group is uncommon, particularly
in perovskites, but is of great interest for various practical applications, such as
ferroelectricity. The physical properties of acentric compositions are symmetrydependent, and thus can be predicted based on the Hermann-Maugin or Schönflies
symbols, best described by Glazer and Poeppelmeier.55,
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The composition

Ba3Fe1.56Ir1.44O9 crystallizes in the space group P3m1, which corresponds to the polar
crystal class 3m1 (C3v in Schönflies notation). Less than half of all acentric crystal
systems (21) are polar (10), showcasing the rarity of this class of material. Polar materials
are chiefly characterized as pyroelectric materials, but are symmetry-allowed to exhibit
piezoelectricity, second-harmonic generation, and ferroelectricity.56 As a result, there was
significant interest in measuring the electrical conductivity of the titled composition to
see if ferroelectric measurements were suitable for study. This was further motivated by
the possible existence of magnetic order due to the presence of two cations with unfilled
d shells, as materials with simultaneous ferroelectric and ferromagnetic order are scarce
and technologically useful.57, 58 Therefore, before either electrical or magnetic property
measurements were undertaken, the electronic structure was clarified by assigning
oxidation states in both titled compositions, particularly Ba3Fe1.56Ir1.44O9, as split-site
occupancy introduced uncertainty in the oxidation state assignments.
Oxidation States. To determine the oxidation states of Ir and the respective first
row transition metal cation in the triple perovskites, bond valence sum (BVS) analysis
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and X-ray absorption near edge spectroscopy (XANES) were performed. The ideal
hexagonal triple perovskite Ba3NiIr2O9 contains Ir in a similar chemical environment and
thus was synthesized for comparative purposes. The results of the BVS analysis are
shown in Table 2, indicating the presence of Ni(II) and Ir(V) for Ba3NiIr2O9. Due to splitsite occupancy, BVS was only utilized on select sites in Ba3Fe1.56Ir1.44O9, as the presence
of multiple cations on one site makes BVS unreliable. Of the six unique sites, Fe1 was
fully occupied by iron and thus BVS was most reliable, indicating Fe(III), with a value of
2.95. For charge balancing reasons, this suggests the presence of Ir(V), which was
supported by BVS values of 4.95 and 5.01 for sites Ir3 and Ir6, respectively. It should be
noted that neither site is fully occupied by iridium, but Ir3 consists of 89% iridium and
Ir6 consists of 86% iridium, making BVS still fairly demonstrative of the oxidation state
of iridium.
To further corroborate the BVS analysis, XANES measurements were taken of
both compositions. The ideal hexagonal perovskite was synthesized as an appropriate
model for the XANES spectrum of Ir(V) in a bioctahedron environment, typical of the
triple perovskite structure type. As Fe(IV) and Ir(IV) or Fe(III) and Ir(V) were both
plausible possibilities for the trigonal perovskite, similarity of the XANES data for both
compositions would support the presence of Fe(III) and Ir(V) in the trigonal variant. The
simple oxide Ir(IV)O2 was included as a reference material in the XANES data to
estimate the valence of Ir if the trigonal perovskite XANES data differed from the
hexagonal one. The observation of a lower binding energy in the trigonal perovskite
compared to the hexagonal perovskite, thus closer in binding energy to IrO2, would be
indicative of Ir(IV) or mixed Ir(V) and Ir(IV), whereas a higher binding energy would
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indicate a valence greater than Ir(V), which is uncommon but reported cases exist.59 The
XANES data is shown in Figure 4.7, indicating identical binding energies on the Ir L3
edge for both compositions, confirming the assignment of Ir(V), thus supporting the
presence of Fe(III) in the trigonal variant due to charge balancing and BVS analysis.
Electrical Conductivity. The temperature dependence of the electrical resistivity
for Ba3Fe1.56Ir1.44O9 is shown in Figure 4.8. The decrease in electrical resistance as a
function of temperature rules out metallic behavior, suggesting the titled material is either
an insulator or a semiconductor. At 300 K, the material exhibited a resistance of 389
Ohms, which is low among oxide materials, supporting semiconducting behavior.
Although this resistivity is low, similar trigonal triple perovskites such as Ba3CaIr2O9,
which crystallizes in the space group P-3m1, a centrosymmetric variant of the titled
material, was reported to have a room temperature resistance on the same order of
magnitude.9
The conduction mechanism was investigated by plotting the natural logarithm of
resistance against T-n, as the value of n can help identify both the type and dimensionality
of the transport mechanism. A linear plot of Ln ρ vs T-1 is indicative of simple thermally
activated conduction, corresponding to a case of n = 1. Linear plots of Ln ρ vs T-n for n
greater than one is indicative of a Mott variable range hopping mechanism, where n = 2
corresponds to one dimensional variable range hopping, n =3 to two dimensional variable
range hopping, and n = 4 to three dimensional variable range hopping, which is common
in oxides.60 The inset shown in Figure 4.8 is near linear, supporting thermally activated
conduction in the titled material. To rule out Mott variable range hopping as a possible
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Figure 4.7 X-ray Absorption Near Edge Spectroscopy measurement of binding energies
for the Ir L3 edge plotted against normalized absorption for Ba3Fe1.56Ir1.44O9, Ba3NiIr2O9,
and IrO2.

150

Figure 4.8 Temperature dependence of the electrical resistivity for the composition
Ba3Fe1.56Ir1.44O9. The inset depicts the natural logarithm of electrical resistance plotted
against inverse temperature, indicating thermally activated conduction.
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transport mechanism, Ln ρ was plotted against T-4 and a significant deviation from
linearity was observed, shown in Figure 4.9.
To determine the suitability of the titled material for ferroelectric measurements,
the voltage dependence of an applied current was measured on single crystals, with the
results shown in Figure 4.10. Given the 1.2 mm size of the single crystal measured, and
the relatively low observed current as a function of voltage, a linear dependence up to at
least 200 V is necessary to achieve sufficiently large currents to test for ferroelectric
switching. The measured IV curve indicates highly non-linear behavior, with an
exponential increase in current at only 14 V. As a result, any ferroelectric measurement
would only be able to sweep roughly 10 V, which corresponds to an extremely small
electric field (0.1kV/cm) for a crystal of this size, and for these reasons ferroelectric
measurements were not conducted. However, since switching fields of ferroelectric
oxides are typically at least in the order of several kV/cm, we cannot exclude the
presence of ferroelectric polarization in the crystals.
Density Functional Theory. The electronic structure of the Fe1O6 polyhedra
possessing local C3v symmetry in the titled material, the only site in this structure that
was fully occupied, was investigated by the DFT calculations, shown in Figure 4.11. This
result was compared against the calculated 0.032 eV for the split between t2g and eg for a
FeO6 possessing Oh symmetry, suggesting the energetic possibility of Fe(III) in this
structure to manifest as an S= 5/2 cation. The energetic gap between orbitals 8E1 and 9E1,
and 9E1 and 1A2, respectively, are close to the calculated energy gap between the more
commonly observed t2g and eg in Oh symmetry polyhedra, supporting this possibility.
Two structurally similar iron containing oxides of the LiNbO3-type with identical local
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Figure 4.9. The natural logarithm of electrical resistance plotted against T-4 to test for
three dimensional Mott variable range hopping. The significant deviation from a linear
relationship between these values indicates that Mott variable range hopping is not the
conduction mechanism.
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Figure 4.10 Electrical current plotted against voltage for single crystals of
Ba3Fe1.56Ir1.44O9.
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Figure 4.11. Density functional theory calculation of the crystal field splitting of a FeO6
polyhedron with local C3v symmetry.
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C3v symmetry FeO6 polyhedra, MFeO3 (M = Ga, Sc) were investigated by neutron
diffraction and Mössbauer spectroscopy, confirming the presence of a S = 5/2 electronic
configuration in both cases, corroborating our calculations.61, 62
Mössbauer

Measurements.

Room

temperature

zero-field

Mössbauer

spectroscopy of Ba3Fe1.56Ir1.44O9 was measured, shown in Figure 4.12. The spectrum
consists of a single, well defined quadrupole doublet. This data is characterized by an
isomer shift δ = 0.39(1) mm/s, quadrupole splitting ΔEQ = 0.54 mm/s, and relative broad
linewidths, Γ = 0.48(1) mm/s. These parameters are typical of high spin Fe(III) sites,
consistent with compositions containing similar Fe(III) environments, such as GaFeO3
and ScFeO3. The observation of Fe(III) further corroborates our BVS and XANES
assignments of Fe(III) in this composition.
Magnetic Properties. The temperature dependence of the magnetic susceptibility
under an applied field of 0.1 T is shown in Figure 4.13, along with a pure powder X-ray
diffraction pattern shown in Figure 4.14. Significant field dependence is observed at 55
K, with a full order of magnitude difference in susceptibility between the FC and ZFC
measurements. There is a sharp antiferromagnetic transition at 50 K in the ZFC data,
followed by a significantly higher ferromagnetic–like transition at TN = 270 K, in
addition to a broader transition at TN = 340 K. A fit of the high temperature inverse
susceptibility data (with an added temperature independent parameter χ0 = 0.005), shown
in Figure 4.15, suggests an effective moment of 4.07 µB, which differs significantly from
the spin only moment of 7.39 µB, calculated by treating Fe(III) as a S = 5/2 magnetic
cation and Ir(V) as nonmagnetic, consistent with previous reports of Ir(V) containing
oxides.48 The large difference between effective and calculated moments can be
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Figure 4.12. Room temperature zero-field Mössbauer spectrum of Ba3Fe1.56Ir1.44O9.
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Figure 4.13. Temperature dependence of the magnetic susceptibility for Ba3Fe1.56Ir1.44O9
under an applied field of 0.1 T, with FC data shown in blue, ZFC data shown in green,
and inverse susceptibility data shown in red.
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Figure 4.14. Powder X-ray diffraction of Ba3Fe1.56Ir1.44O9, shown in blue, overlaid with
the simulated powder pattern based on CIF data, shown in green.
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Figure 4.15. Inverse of the temperature dependence of the magnetic susceptibility of
Ba3Fe1.56Ir1.44O9 at an applied field of 0.1 T fit in the Curie-Weiss regime to extract an
effective moment and Weiss temperature.
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explained by the presence of multiple high temperature magnetic transitions. The fit of
the high temperature inverse susceptibility data that was used to determine an effective
moment is too close in temperature to the nearest magnetic transition, suggesting that this
range is not in the Curie-Weiss regime, and thus does not yield an accurate effective
moment. The temperature dependence of χmT under an applied field of 0.1 T, shown in
Figure 4.16, corroborate the ferromagnetic-like behavior of Ba3Fe1.56Ir1.44O9 observed in
the temperature sweep measurements, and indicates a magnetic moment of 5.20 µB. The
broad transition at TN = 270 K in the temperature sweep data is clearly shown as the
onset of ferromagnetic-like order in this χmT plot. A measurement at higher temperature
is needed to obtain an accurate effective moment in the Curie-Weiss regime.
The temperature dependence of the magnetic susceptibility under an applied field
of 1 T, shown in Figure 4.17, exhibits an order of magnitude decrease in magnetic
susceptibility compared to the 0.1 T data. Although the field dependence was decreased,
the temperature of the divergence onset was increased to 180 K, and a low temperature
antiferromagnetic-like transition is exhibited in the FC data. This transition was observed
in the ZFC for the 0.1 T data, suggesting a complex field dependence relationship in this
material. Magnetization versus field measurements were taken at both 2 K and 45 K,
shown in Figure 4.18-9, exhibiting weak hysteresis.
CONCLUSION
A

noncentrosymmetric

polar,

site-disordered

trigonal

triple

perovskite,

Ba3Fe1.56Ir1.44O9, was grown as single crystals from a molten carbonate flux. The
oxidation states were determined to be Fe(III) and Ir(V) by BVS analysis and XANES
measurement, using Ba3NiIr2O9 as a XANES reference material for Ir(V) in a triple
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Figure 4.16. Temperature dependence of χmT for Ba3Fe1.56Ir1.44O9 under an applied field
of 0.1 T. For purely antiferromagnetic interactions, a gradual decrease of magnetic
susceptibility is expected for decreasing temperatures. This data is indicative of
ferromagnetic-like interactions, with an observed magnetic moment of 5.20 µB at 400 K.
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Figure 4.17. Temperature dependence of the magnetic susceptibility for Ba3Fe1.56Ir1.44O9
under an applied field of 1 T, with FC data shown in blue, ZFC data shown in green, and
inverse susceptibility data shown in red.
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Figure 4.18. Magnetization (µB) versus magnetic field (T) for Ba3Fe1.56Ir1.44O9 ranging
from 0 to 5 T at 2 K. A weak coercive force of 0.01 T can be observed in the hysteresis
loop inset.
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Figure 4.19. Magnetization (µB) versus magnetic field (T) for Ba3Fe1.56Ir1.44O9 ranging
from 0 to 5 T at 45 K. A weak coercive force of 0.01 T can be observed in the hysteresis
loop inset.
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perovskite structure. Electrical conductivity data consistent with semiconducting
behavior were observed, and the transport mechanism was best described as thermally
activated. Voltage dependent current curves exhibited significant deviation from
linearity, indicating that the material was unsuitable for ferroelectric measurements,
despite the polar structure. The effect of the trigonal distortion on the crystal field
splitting of Fe(III)O6 was investigated via density functional theory calculations, and the
spin state of iron was determined to be S = 5/2. Magnetic properties were measured and a
near room temperature (TN = 270 K) ferromagnetic-like transition was observed.
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CHAPTER V
UNUSUAL COEXISTENCE OF NICKEL(II) AND NICKEL(IV) IN THE
QUADRUPLE PEROVSKITE Ba4Ni2Ir 2O12 CONTAINING Ir2NiO12
MIXED-METAL-CATION TRIMERS1

Ferreira, T.; Heald, S. M.; Smith, M. D.; zur Loye, H.-C. Inorg. Chem. 2018, 57,
2973-2976.
1
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Abstract
The crystal chemistry and magnetic properties of two hexagonal Ni(IV) containing
perovskites, Ba4Ni1.94Ir2.06O12 and BaNiO3, are reported. The 12R perovskite,
Ba4Ni1.94Ir2.06O12, possesses an unexpected coexistence of Ni(II) and Ni(IV). This
quadruple perovskite structure contains Ir2NiO12 mixed-metal cation units in which direct
metal-metal bonding between Ni(IV) and Ir(V) is inferred. XANES and XPS
measurements were conducted to confirm the simultaneous presence of Ni(II) and
Ni(IV).
Introduction
Iridium containing oxides have attracted significant interest as model systems in
which to study unusual electronic and magnetic ground states that can lead to properties
such as superconductivity,1 topological insulation,2 and spin-liquid states.3 Complex
iridates serve as a playground for studying how small changes in the chemical
environment can affect the electronic structure due to iridium’s typical strong spin-orbit
coupling that competes with crystal field effects from the surrounding oxygen.4–9 In
addition to these competing interactions, the large orbital extent and high valence
attainable in the heavy 5d elements is responsible for the possibility of direct metal-metal
bonding in iridium-containing solid state materials and the associated changes to the
electronic structures.10–14 For these and other reasons, iridium containing oxides,
including complex perovskites, continue to be of interest.
The perovskite structure ABO3 is quite versatile and, in oxides, can accommodate
various ratios of A:B and B:B’ cations by forming double A2BB’O6 (B≠B’), triple
A3BB’2O9, and hexagonal quadruple A4BB’3O12 perovskites.15 Within this diverse

175

structural assortment, numerous nickel containing perovskites are known where typically
nickel is present in the +2 oxidation state, such as in Sr2Ni2OsO616 and Sr2NiWO617;
however, nickel can adopt higher oxidation states in perovskites, such as +3 in LaNiO3
and +4 in BaNiO3. Similarly, iridium is well represented in perovskites in a number of
oxidation states, including +4, +5 and +6 in double, triple and quadruple perovskites.12, 13,
18–23

A significant number of quadruple perovskites containing iridium of the type
Ba4BIr3O12 have been prepared and studied for their magnetic behavior that is often
dominated by the Ir3O12 trimer unit.12, 13 Quadruple perovskites of the type Ba4B2Ir2O12,
containing a Ir2BO12 trimer (B ≠ Ir), have not been reported to date. One reason for this
absence is that it is rare to have a B:B’ ratio of 2:2 that forms a quadruple instead of a
double perovskite. One condition that would favor the formation of a quadruple
perovskite instead is the presence of mixed valent B cations.

Mixed valency in

perovskites is not unknown; however, unless a charge disproportionation takes place
where one of the cations is present in a significantly different oxidation state from the
other, it is unlikely for them to charge order in the structure.24 Herein we communicate
the synthesis and crystal structure of a new 12R quadruple perovskite Ba4Ni1.94Ir2.06O12
that possesses an unexpected coexistence of Ni(II)O6 and Ni(IV)O6 units that for size
reason lead to structural ordering and that allow for the formation of the unusual Ir2NiO12
trimer.
Synthesis
Phase pure single crystals of Ba4Ni1.94Ir2.06O12 were synthesized via a wet
hydroxide flux growth using 1.5 mmol Ba(OH)2•8H2O (Alfa Aesar 98+%), 0.33 mmol
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NiO (Alfa Aesar 99%), 1.0 mmol Ir metal (Engelhard 99.9995%), 5.0g KOH (BDH ACS
grade), and 1.0 mL distilled H2O contained in a sealed silver tube. The reaction was
heated to 700 °C at a ramp rate of 600 °C/h, held for 24 h, and cooled to 300 °C at a rate
of 6 °C/h. The flux was dissolved in water and the crystals isolated by vacuum filtration.
Phase pure single crystals of BaNiO3 were synthesized and isolated in the same way as
Ba4Ni1.94Ir2.06O12, with the exception of an increased dwell temperature of 750 °C, and
the absence of Ir metal as a reagent.
Experimental Setup
Structural Determination Using Single Crystal X-ray Diffraction
Structural determination of single crystals was performed using a Bruker D8
QUEST diffractometer equipped with a PHOTON 100 CMOS area detector and an
Incoatec microfocus source (Mo Kα radiation λ = 0.71073 Å). Relevant crystallographic
information and selected interatomic distances can be found for these compositions in
Tables 5.1 and 5.2.
X-ray Absorption Near Edge Spectroscopy
X-ray Absorption Near Edge Spectroscopy (XANES) experiments were carried
out at the Sector 20-bending magnet beamline at the Advanced Photon Source at
Argonne National Laboratory. Both Ba4Ni1.94Ir2.06O12 and BaNiO3 were ground into
powders, intimately mixed with boron nitride, and pressed into pellets. The
measurements were run in transmission mode using a Si (111) monochromator. The
monochromator energy was calibrated using Ni foil with edge energy of 8331.5 eV, and
the same foil used to monitor the energy calibration during measurement. The relative
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Table 5.1 Crystallographic information for Ba4Ni1.94Ir2.06O12 and BaNiO3
Empirical formula
Formula Weight
(g mol-1)
Space group
Unit cell
dimensions
a (Å)
b (Å)
c (Å)
V (Å3)
Z
Density (calculated)
(g cm-3)
Absorption
coefficient (mm-1)
F(000)
Crystal size (mm)
θmax (deg)
Reflections
collected
Independent
reflections
Goodness-of-fit on
F2
R indicies
(all data)
Largest diff.
peak/hole
(e- Å-3)

Ba4Ni1.94Ir2.06O12
1251.15

BaNiO3
244.02

R-3m

P63/mmc

5.7309(2)
5.7309(2)
28.6318(12)
814.38(7)
12
7.651

5.6375(5)
5.6375(5)
4.7961(5)
132.01(3)
2
6.140

42.719

21.692

1598
0.05 x 0.04 x 0.02
36.36
22591

216
0.06 x 0.02 x 0.02
37.619
3111

554 (Rint = 0.0288)

161 (Rint = 0.0544)

1.283

1.167

R1 = 0.0182
wR2 = 0.0427
3.759 and -3.502

R1 = 0.0314
wR2 = 0.0554
2.393 and -1.821
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Table 5.2 Interatomic distances and bond valence sum values
Metal-Ion Bond
Ni(II)-O
Ni(IV)-O
Ir-O
Ni(IV)-Ir(V)
Ni(II)-Ir(V)

Bond Distance (Å)
2.056(3) x 6
1.925(3) x 6
1.925(3) x 3
2.020(3) x 3
2.562(2)
3.979(4)
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Bond Valence Sum
2.05
3.95
5.12

uncertainty in energy between measured samples is less than 0.1 eV. Data reduction was
performed using the Athena program in the IFEFFIT suite of software.
Magnetic Measurements
Magnetic susceptibility data were collected on ground single crystals of
Ba4Ni1.94Ir2.06O12 and of BaNiO3 using a magnetic properties measurement system, QDMPMS3 SQUID VSM. Magnetic susceptibility was measured under zero-field cooled
(ZFC) and field cooled (FC) conditions from 2 to 300 K at applied fields of 0.1 T and 1 T.
Magnetization as a function of field was measured from 0 to 5 T at 2 K and 45 K. Data
were corrected for sample shape and radial offset effects.
Results and Discussion
In order to confirm the oxidation states of the first-row cations, X-ray absorption
near edge spectroscopy (XANES) and X-ray photoelectron spectroscopy (XPS) were
performed. The hexagonal perovskite BaNiO3, which contains Ni(IV) in a similar
chemical environment to Ni(IV) in Ba4Ni1.94Ir2.06O12, was also synthesized for
comparative purposes, both as an appropriate model for the rare Ni(IV)O6 coordination
environment, and as a reference for the magnetism of Ni(IV) in an oxide environment.
The presence of the different nickel oxidation states in Ba4Ni1.94Ir2.06O12, combined with
the presence of mixed cation Ir2NiO12 units, results in an overall magnetic moment that
can be explained by invoking the presence of direct metal-metal bonding between Ir(V)
and Ni(IV).
The 12R quadruple perovskite structure contains B’3O12 units consisting of three
face-sharing octahedra; these units are connected to each other via corner-sharing BO6
octahedra, as shown in Figure 5.1. By comparison, the structurally related hexagonal
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Figure 5.1 (Left) Polyhedral representation of Ba4Ni1.94Ir2.06O12 with Ni(II) shown in
light green, Ni(IV) shown in dark green, Ir(V) shown in grey, Ba shown in blue and O
shown in red. (Right) Local coordination environment of Ni(IV) octahedra, shown in
dark green, face shared to two distorted Ir(V) octahedra, shown in grey.
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perovskite BaNiO3 contains infinite chains of face-sharing octahedra, shown in Figure
5.2. A scanning electron microscopy (SEM) image of representative single crystals of
both compositions is shown in Figure 5.3.
Unlike generic 12R quadruple perovskites, A4BB’3O12, that have two
crystallographically unique sites with one metal on each site, (BO6 octahedra and B’3O12
trimers: B ≠ B’) the mixed valence of Ni(II) and Ni(IV) “forces” nickel to be present on
both sites for size reasons. This results in Ni(II)O6 octahedra in addition to mixed
Ir2NiO12 units that contain both Ni(IV) and Ir(V), see Figure 5.1 and Figure 5.4. To assess
the nickel oxidation states, bond valence sum (BVS) calculations were carried out on
both NiO6 and IrO6 octahedral environments, shown in Table 5.2. The six Ni-O bonds in
the corner-shared octahedra, which bridge the Ir2NiO12 trimers, are 2.056(3) Å,
corresponding to a BVS value of 2.05, indicating Ni(II). The six Ni-O bonds in the
Ir2NiO12 trimers are 1.925(3) Å, corresponding to a BVS value of 3.95, indicating Ni(IV).
The iridium cations have three long (2.020(3) Å) and three short (1.9523(3) Å) bonds
each, resulting in a BVS sum of 5.12 indicating Ir(V).
This result was corroborated by XANES measurements performed at beamline
20-BM at the Advanced Photon Source at ANL, shown in Figure 5.5. Higher binding
energies are expected for higher oxidation states, and thus three nickel containing
compounds ranging from zero-valent to tetravalent nickel were measured for reference, in
addition to the title compound. The binding energies for all measured compounds are
included in Table 5.3. The observed binding energy for Ba4Ni1.94Ir2.06O12 is 1 eV lower
than that of BaNi(IV)O3, consistent with the presence of both Ni(II) and Ni(IV) in the
title compound. The binding energy of Ba4Ni1.94Ir2.06O12 is 1 eV higher than that of
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Figure 5.2 Polyhedral representation of BaNiO3 with Ni(IV) shown in dark green, and
barium shown in blue.
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Figure 5.3 Scanning electron micrograph of Ba4Ni1.94Ir2.06O12 (left) and BaNiO3 (right).
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Figure 5.4 Local coordination environment of Ni(II) octahedra, shown in light green,
corner shared to six distorted Ir(V) octahedra, shown in grey.
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Figure 5.5 XANES measurement of binding energies plotted against normalized
absorption for metallic Ni metal, NiO, BaNiO3 and Ba4Ni1.94Ir2.06O12.
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Table 5.3 XANES measurement binding energies to confirm the oxidation state of nickel
Compound
Ni foil
NiO
Ba4Ni1.94Ir2.06O12
BaNiO3

Binding Energy (eV)
8348.0
8348.7
8349.7
8350.7
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Oxidation State
0
II
IV/II
IV

Ni(II)O, as expected for a mixed Ni(IV/II) containing compound, thus supporting the
BVS findings. XANES measurements (Table 5.4, Figure 5.6) comparing the title
compound to IrO2, confirmed the presence of Ir(V). XPS measurements were conducted
and are consistent with the presence of Ni(IV), see Table 5.5 and Figure 5.7.
The mixed valence of Ni(III) into Ni(II) and Ni(IV) is unexpected, but one might
suspect that the presence of the Ir2NiO12 mixed-metal cation units stabilize the Ni(IV) in
the presence of Ni(II). It also suggests that the Iridium cations strongly favor the 5+ over
the 4+ oxidation state under the synthetic conditions used, as otherwise a
Ba2Ni(IV)Ir(IV)O6 double perovskite would potentially have formed. The formation of
the titled composition over the possible double perovskite is supported by the
Goldschmidt tolerance factor for the theoretical double perovskite of t = 1.027, indicating
that a hexagonal phase is favored over a cubic one.25
A plot of the temperature dependence of the field cooled (FC) and zero field
cooled (ZFC) magnetic susceptibility data collected at 0.1 T is shown in Figure 5.8, with
a clean PXRD confirming the accuracy of these results shown in Figure 5.9. Significant
field dependence and multiple magnetic transitions are observed, the highest being at 115
K. Although the negative Weiss temperature (θcw = -33 K) is indicative of
antiferromagnetic interactions, a number of ferromagnetic-like interactions are observed
at T = 30 K and T = 115 K, likely indicating competing ferromagnetic and
antiferromagnetic interactions. This ferromagnetic-like behavior is further observed in
Figures 5.10-5.13. The presence of hysteresis at 2 K and 45 K is indicative of possible
ferrimagnetic order or spin canting. The χMT versus T plots at 0.1 T and 1 T both indicate
ferromagnetic interactions, corroborating possible ferrimagnetic order. It should be noted,
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Table 5.4: XANES measurement binding energies to confirm the oxidation state of
iridium
Compound
IrO2
Ba4Ni1.94Ir2.06O12

Binding Energy (eV)
11219.23
11222.22

Oxidation State
IV
V

Figure 5.6 XANES measurement of binding energies plotted against normalized
absorption for IrO2 and Ba4Ni1.94Ir2.06O12.

Table 5.5: Binding energies for Ni XPS spectra for Ba4Ni1.94Ir2.06O12 and BaNiO3
Compound
Ba4Ni1.94Ir2.06O12
BaNiO3

2p3/2 Binding Energy
(eV)
855.78
855.50
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2p1/2 Binding Energy
(eV)
873.15
872.15

Figure 5.7: Ni XPS spectra for Ba4Ni1.94Ir2.06O12 (left) and BaNiO3 (right).
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Figure 5.8 Temperature dependence of the magnetic susceptibility for Ba4Ni1.94Ir2.06O12
at 0.1 T, with field cooled data shown in blue, zero field cooled data shown in green, and
inverse magnetic susceptibility shown in red.
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Figure 5.9 Powder X-ray diffraction pattern of Ba4Ni1.94Ir2.06O12, shown in blue, overlaid
with the simulated powder pattern based on CIF data, shown in green.
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Figure 5.10 Magnetization (µB) versus magnetic field (T) for Ba4Ni1.94Ir2.06O12 ranging
from 0 to 5 T at 45 K. A coercive force of 0.1 T can be observed in the hysteresis loop
inset.
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Figure 5.11. Magnetization (µB) versus magnetic field (T) for Ba4Ni1.94Ir2.06O12 ranging
from 0 to 5 T at 2 K.
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Figure 5.12 Temperature dependence of χmT for Ba4Ni1.94Ni2.06O12 under an applied field
of 0.1 T. For purely antiferromagnetic interactions, a gradual decrease of susceptibility is
expected for decreasing temperatures. Therefore, this observed behavior is indicative of
ferromagnetic-like interactions. At 300 K, a magnetic moment of 4.16 is observed.
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Figure 5.13 Temperature dependence of χmT for Ba4Ni1.94Ni2.06O12 under an applied field
of 1 T. This observed behavior deviates from typical antiferromagnetic behavior. At 300
K, a magnetic moment of 4.19 is observed.
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however, that. in the absence of magnetic neutron diffraction investigations, an
unambiguous assignment of magnetic order can not be assigned.
By fitting the high temperature paramagnetic regime of the 1 T magnetic
susceptibility data of Ba4Ni1.94Ir2.06O12 to the Curie-Weiss law, fit with a χ0 term, shown
in Figure 5.14, an effective magnetic moment of 4.40 µB is obtained. Given that in
Ba4Ni1.94Ir2.06O12 Ni(II) has two unpaired electrons, that Ni(IV) has a low spin t2g6
electron configuration, and that Ir(V) adopts a non-magnetic ground state5, 7–9, 26, 27 due to
spin orbit coupling, as shown in Figure 5.15, we would expect a calculated spin only
moment of 2.83 µB. This value is significantly lower than the measured value of 4.40 µB.
To confirm that Ni(IV) in an octahedral coordination environment is non-magnetic,
unlike recent reports of ferromagnetic Ni(IV) in the cubic perovskite SrFe0.6Ni0.4O3,28 we
collected magnetic susceptibility data for BaNiO3, Figure 5.16, confirming the expected
diamagnetic result for Ni(IV)O6.
To rationalize the measured magnetic moment of 4.40 µB, we need to treat the
Ni(IV) and two Ir(V) cations as an independent Ir2NiO12 trimeric unit. The description of
Ni(IV) and Ir(V) behaving as one Ir2NiO12 can be understood as resulting from direct
metal-metal bonding, leading to a new electronic structure. The short distance between
the Ir(V) and Ni(IV) (2.562(3) Å) makes direct metal-metal bonding probable. The
resultant electronic structure can be estimated using the previously reported schematic
energy level diagrams published to model the 14 electron Ir34.33+O12 trimers in the
quadruple perovskite Ba4LnIr3O12 (Ln = La, Nd-Gd, Dy-Lu).13 Using the local D3d
symmetry model, as appropriate for the trigonal space group of Ba4Ni1.94Ir2.06O12, and
populating the energy states with 14 electrons (4 electrons for each Ir(V) and 6 electrons
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Figure 5.14 Temperature dependence of the magnetic susceptibility for Ba4Ni1.94Ir2.06O12
at 1 T, with field cooled data shown in dark blue, zero field cooled data shown in green,
and inverse magnetic susceptibility shown in red. The fit to the high temperature
paramagnetic regime of the inverse magnetic susceptibility, shown in light blue, gives an
effective moment of 4.40 µB, from the equation y = 13.727 + 0.41242x.
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Figure 5.15 Energy splitting of a 5d4 iridate in an octahedral environment resulting from
both crystal field splitting and spin-orbit coupling.
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Figure 5.16 Temperature dependence of the magnetic susceptibility for Ba4Ni1.94Ir2.06O12
at 0.1 T, with field cooled data shown in blue, zero field cooled data shown in green, and
inverse magnetic susceptibility shown in red. The zero field cooled magnetic
susceptibility data of BaNiO3 measured at 0.1 T is overlaid in purple.
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for Ni(IV)) results in two unpaired electrons in the eg2 HOMO, shown in Figure 4.
Combining these two unpaired electrons with the two unpaired electrons in the Ni(II)O6
units results in a calculated magnetic moment of 3.94 µB, close to the measured moment
of 4.40 µB. One could contemplate the formal oxidation states resulting from this
arrangement, as depending on which cation provides the final electrons an oxidation state
distribution of Ir2(V)Ni(IV) or Ir2(IV)Ni(VI) could be envisioned. Based on the XANES
and XPS data it seems clear that the former is a better description of the trimer’s
oxidation state distribution.
Conclusion
In summary, we have reported on the preparation and characterization of single
crystals of the new iridium containing quadruple perovskite, Ba4Ni1.94Ir2.06O12, with an
unusual coexistence of Ni(II) and Ni(IV). The measured magnetic susceptibility was
explained by the combined effect of a magnetic Ir2NiO12 trimer and two unpaired
electrons residing on the Ni(II) cation.
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Figure 5.17 Schematic energy level diagram of an Ir2NiO12 trimer with local D3h
symmetry, approximated from Ir34.33O12 trimers with comparable D3d symmetry.
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CHAPTER VI
CRYSTAL GROWTH OF INCOMMENSURATE MEMBERS OF 2HHEXAGONAL PEROVSKITE RELATED OXIDES: Ba4MZPT3-ZO9 (M =
Co, Ni, Cu, Zn, Mg, Pt)1
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Abstract
Millimeter sized crystals of six oxides of approximate composition Ba4MxPt3-xO9
(M = Co, Ni, Cu, Zn, Mg, Pt) were grown from molten K2CO3 fluxes and found to
crystallize in a 2H hexagonal perovskite-related structure type. The compositions of these
incommensurate structures, which belong to the A3n+3mA’nB3m+nO9m+6n family of 2H
hexagonal perovskite related oxides, were characterized by X-ray diffraction, energy
dispersive spectroscopy, and magnetic susceptibility measurements. The specific
synthetic considerations, crystal growth conditions, and magnetic susceptibility
measurements are discussed.
Introduction
Perovskites are perhaps the most versatile structure type when it comes to
composition, structural variations and observed physical properties [1-5]. For this reason,
interest in the synthesis of new perovskite compositions and, in particular, the growth of
single crystals, continues to this day [6-8]. The ideal cubic perovskite is best described as
having the general composition ABO3 consisting of a cube of 8 corner shared BO6
octahedra, the center of which is occupied by a 12-coordinate A-site cation. An alternate
structural description for the simple cubic perovskite structure is based on the ABC
stacking of AO3 layers and the filling of the created octahedral sites by the B-cation.
Several structural variants exist in the general perovskite family based on the stacking
sequence of AO3 layers, including the cubic, the hexagonal, mixed cubic/hexagonal and
2H-perovskite related structures. The hexagonal (2H), rather than the cubic structure, is
obtained if the AO3 layers stack in an ABAB fashion and the octahedral sites are filled by
the B cation. This results in chains of face-sharing BO6 octahedra that are separated by
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the A-cation. This variant is observed when the A-cation is too large for the cavity
created by the 8 BO6 corner-sharing octahedra [9].
Although less widely studied, there also exists a family of low dimensional oxides
related

to

the

2H-hexagonal

perovskite

structure

with

general

formula

A3n+3mA’nB3m+nO9m+6n that contains trigonal prisms within the infinite chains of facesharing octahedra [10-12]. Whereas the cubic and hexagonal perovskite structures are
composed of close packed [AO3] layers, the 2H hexagonal perovskite related oxides
contain a tripled [AO3] layer, [A3O9], typically designated as m, shown in. Figure 6.1,
that stacks with a second type of layer, [A3A’O6], typically designated as n, shown in
Figure 6.2, as described by Darriet and Subramanian [12]. This [A3A’O6] layer is unique
to this family of oxides, and consists of an [A3O9] layer in which three oxygen atoms
have been replaced by one A’ cation. Introduction of this second type of layer results in
the A’ cation occupying the trigonal prismatic sites and the B cation occupying the
octahedral sites in the infinite chains of face-sharing polyhedra. As there is no limit to the
combination of m and n layer stacking, essentially an infinite number of different
compositions and structural variations can be generated, with an example of the different
stacking motifs possible shown in Figure 6.3. Within this large number of structural
variations, incommensurate structures are often observed, a rarity in the traditional
perovskites [11].
To account for the appearance of incommensurate structures, it is necessary to
accommodate non-integer values for m and n [13]. For this reason, an alternate structural
description based on a composite structure model containing two unique sub-cells, each
comprised of infinite chains, has been developed [13]. The first sub-cell, representing the
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Figure 6.1 [A3O9] layer, known as m, with blue spheres as A site atom and white spheres
as oxygen. ABC or AB stacking of these layers results in the traditional cubic or
hexagonal perovskite, respectively.
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Figure 6.2 [A3A’O6] layer, known as n, with blue spheres as A site atom, green spheres
as A’ atom, and white spheres as oxygen. This layer is unique to 2-H perovskite related
oxides, resulting in the formation of trigonal prismatic sites.
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Figure 6.3 Possible stacking motifs, with BaNiO3 resulting from ABAB stacking of
[A3O9] m layers with the B site cation occupying the resulting octahedra, Sr4PtO6
resulting from ABAB stacking of [A3A’O6] n layers with the B cation occupying both
octahedra and trigonal prismatic sites, and Ba4Pt3O9 as one of many possible examples of
mixed stacking of both n and m layers.
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infinite chains of face-sharing octahedra and trigonal prisms, consists of [(A’,B)O3]∞ with
the second sub-cell representing the A cation, [A]∞. This results in a general formula of
A1+x(A’xB1-x)O3 in which the value of x, corresponding to the relationship between
trigonal prismatic sites and octahedral sites, lies between 0 and 0.5, where only rational
values of x result in a commensurate structure, and where the ratio of trigonal prismatic
to octahedral sites is given by: Nprisms / Noctahedra = x / (1-x). The lattice parameters of each
sub-cell are directly related to the overall structure and sequence of trigonal prisms and
octahedra by the relationship of c1 / c2 = (1+x) / 2. [13] In the ideal structure, the height of
a trigonal prism should be twice that of an octahedron and the ratio of c1/c2 is a rational
number.

When the quotient c1/c2 is not a rational number, then the structure is

incommensurate. A more detailed explanation of this family of oxides as modulated
composite structures using the superspacegroup formalism can be found in the following
references [13-17].
Single crystals of 2H hexagonal perovskite-related oxides have been grown using
a variety of fluxes, including chlorides [11], hydroxides [18,19], and carbonates [20],
giving rise to vast compositional diversity [11]. A large number of platinum group metal
(PGM) containing oxides belonging to this family have been synthesized, such as
Sr3NiPtO6 [21], Ba1.14RhO3 [22], Ba9Rh8O24 [23,24], Sr6Rh5O15 [25], and Ca3NaRuO6
[26]. The flux growth of single crystals of PGMs in these complex oxides necessitates the
use of an oxidizing flux that can readily dissolve platinum group metals and that can be
removed via dissolution at the conclusion of the crystal growth process in order to isolate
the crystals from the solidified flux matrix. Both carbonates and hydroxides meet these
conditions, with hydroxides being used in primarily the 400-800°C temperature range
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while carbonate fluxes are used in the 800-1200°C temperature region [27]. Empirically,
larger crystals are obtained from carbonate fluxes than from hydroxide fluxes and to
explore the crystal growth of new 2H-hexagonal perovskite related oxides we focused on
the growth of platinum containing structures out of carbonate fluxes. Herein we present
the crystal growth, synthetic rationale, characterization, and magnetic susceptibility
measurements of several new oxides belonging to the family of 2H-hexagonal related
oxide with the approximate composition of Ba4MxPt3-xO9 (M = Co, Ni, Cu, Zn, Mg, Pt).
2. Experimental Procedure
2.1 Crystal Growth
All crystals described in this paper were grown by high temperature flux
synthesis. K2CO3 (99.99%) was purchased from BDH. Transition metal carbonates,
MnCO3 (99.985%), CoCO3 (99.5%) were purchased from Alfa Aesar. Transition metal
oxides, NiO (99.999%), CuO (99+%), ZnO (99.99%), and MgO (99.99%) were
purchased from Sigma Aldrich, while Pt (99.9995%) and Rh (99.9995%) were purchased
from Engelhard.
To grow crystals of these phases, all reagents were placed into an alumina
crucible with a loose fitting alumina lid to prevent evaporation of the flux. The millimol
ratio of alkaline earth : dopant metal : PGM reagents found to yield the highest quality
single crystals was 6:1:1. The K2CO3 flux was always placed on top of all reagents in an
amount equaling 10x the total mass of the reagents. These crucibles were placed into a
programmable tube furnace with 3 inch diameter mullite process tubes. These samples
were heated in air at a rate of 600 °C / hour to the target temperature of 1150 °C. The
samples were maintained at that temperature for 10 hours before cooling at a rate of 5 °C
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/ hour to 800 °C, at which point the furnace was turned off and the sample was allowed to
cool to room temperature.
Collection of the single crystals was accomplished by dissolving the flux in water,
aided by sonication. The single crystal product was collected by vacuum filtration
followed by additional washing with water before the crystals were finally dried using
acetone. A summary of the reaction conditions, crystal morphology, crystal size,
composition and yield is given in Table 1.
2.2 Characterization
Crystals of the parent composition, Ba4Pt3O9, and all other compositional variants
formed as well faceted hexagonal rods and plates. Representative optical and SEM
images for each morphology are shown in Figures 6.4-6.6. All single crystals were
determined to be incommensurate. For powder diffraction analysis, the crystals were
ground into a fine powder and characterized using a Rigaku D/Max-2100 powder X-ray
diffractometer using Cu Kα radiation. The step scans covered the angular range 10-70°
2θ in steps of 0.02°.
Elemental analysis was performed on single crystals of the reported series using a
Thermo EDS instrument equipped Tescan Vega-3 SEM instrument utilized in the low
vacuum mode. The crystals were mounted on carbon tape and analyzed using a 30 kV
accelerating voltage and an accumulation time of 20 s. As a qualitative measure, Energy
Dispersive Spectroscopy (EDS) verified the presence of the platinum, respective
transition metals, and barium in the reported compounds. The absence of extraneous
elements, such as potassium, was confirmed within the detection limits of the instrument.
Magnetic susceptibility was measured on ground samples of Ba4MxPt3-xO9 (M =
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Table 6.1 Summary of reaction conditions
Composition

Temp.
(°C)

Dwell
(h)

Cool Rate
(°C/h)

Flux

Dopant

Crystal
Morphology

Crystal Size
(mm)

Ba4Pt3O9

1150

10

5

K2CO3

N/A

1.3 x 0.5

Ba4Pt3-xCoxO9

1150

10

5

K2CO3

CoCO3

Ba4Pt3-xNixO9

1150

10

5

K2CO3

NiO

Ba4Pt3-xCuxO9

1150

10

5

K2CO3

CuO

Ba4Pt3-xZnxO9

1150

10

5

K2CO3

ZnO

Ba4Pt3-xMgxO9

1150

10

5

K2CO3

MgO

Rods and
plates
Rods and
plates
Rods and
plates
Rods and
plates
Rods and
plates
Rods and
plates
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1.0 x 0.4
1.1 x 0.5
1.4 x 0.5
1.3 x 0.6
1.0 x 0.3

Figure 6.4 SEM photograph of Ba4CuxPt3-xO9, approximately 1.4 mm in length.

218

Figure 6.5 Representative optical image of Ba4A’Pt2O9
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Figure 6.6 SEM photograph of Ba4Pt3O9, approximately 1.3 mm in length.
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Co, Ni, Cu). The susceptibility was measured under zero-field-cooled conditions at an
applied field, H, of 1000 Oe using a Quantum Design Magnetic Properties Measurement
System (QD MPMS3 Squid Magnetometer). The raw moment was corrected for sample
shape and radial offset effects using a combination of DC and VSM scan data collected at
2 K [28].
3. Discussion
3.1 Synthetic Considerations
The use of K2CO3 to grow crystals of platinum group metal containing oxides, in
particular the 2H-perovskite related oxides, has several advantages over the use of
chloride and hydroxide fluxes. Specifically, chloride fluxes have been used to grow
crystals of members of this family of oxides, such as Sr3PbNiO6 [29]; however, because
of the redox neutral nature of chloride fluxes, there has been limited success using these
fluxes to grow PGM containing oxides when starting with the platinum group metals in
the metallic state. Although hydroxide melts are sufficiently oxidizing to dissolve PGMs,
some alkaline earth hydroxides have limited solubility in water, making separation of the
resulting single crystals from the flux matrix more difficult. Additionally, the very
oxidizing nature of the flux can take the oxidation process too far and result in very high,
unstable oxidation states, thus producing hydrolytically sensitive compositions [18]. By
contrast, alkali metal carbonates possess an intermediate level of oxidative strength,
thereby typically avoiding the formation of unstable oxidation states, while affording
high solubility in water in addition to the ability to dissolve most reagents easily,
including PGMs.
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The crystal growth of this unique family of oxides is very sensitive to small
changes in growth conditions, requiring a careful tailoring of all aspects, including
heating rates, temperatures, time, oxygen partial pressure and flux choice [11]. The
largest, best faceted crystals resulted from a slow cooling rate of 5° C/h. Increasing the
cooling rate slightly resulted in smaller crystals, however, using significantly faster
cooling rates such as 10° C/min or quenching the reaction from 1150 °C to RT resulted in
no crystal formation.

Utilizing cooling rates slower than 5° C/h did not result in

improved crystal quality.
The use of high temperature carbonate fluxes has been shown to effectively
dissolve precious metals in the temperature range of 1050 °C to 1150 °C [9], even when
starting with the PGMs in the metallic state. Within this temperature range, higher
temperatures were found to promote the growth of larger single crystals and it is possible
that the higher temperatures, especially when coupled with slow cooling rates, simply
created longer growth times, which increased the crystal size.
The dwell time of 10 hours at 1150°C was empirically determined to result in
superior crystal quality than longer dwell times, such as 24 hours, for this specific
system. Although K2CO3 does not exhibit a very high vapor pressure at 1150 °C, longer
dwell times resulted in significant evaporative losses, causing a loss of crystal quality.
For this reason the alumina crucibles were covered with loose fitting lids to minimize
flux loss during the 10 hour dwell.
The decision to use K2CO3 vs. Na2CO3 as the flux is expected to make a
significant difference as the potassium cation is much larger than the sodium cation and
cannot substitute for the B-site metals in the perovskite and perovskite related structures.
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For example, the use of Na2CO3 has lead to the crystal growth of Ca3NaIrO6 [20] where
the sodium cation occupies the trigonal prismatic A’ position, making it a reactive flux.
In contrast, the use of the larger alkali metals, such as potassium, rubidium or cesium,
ensures that the alkali metal will not substitute on the A’ or B site of the 2H-perovskite
related structure, thus rendering this an inert flux.

This conveniently removes one

variable from the crystal growth process and is thus preferred.
The ratio of flux to the total mass of the reagents was varied and empirically
determined to yield higher quality, better faceted crystals when an at least 10 fold excess
of flux to reagents was used. The use of ratios lower than a 10 fold excess of flux to
reagents yielded smaller crystals, and higher ratios yielded comparable results. This
observation is consistent with what has been reported in the literature for the crystal
growth of other compositions of this structure type, including Ca3NaRuO6 [20],
Ba1.06(Cu0.33Ir0.67)O3 [20], Ba8CoRh6O21 [30], Sr6Rh5O15 [25], and Ba12Rh9.25Ir1.75O33
[23].
3.2 Structure Analysis
The parent structure of the title compounds, Ba4Pt3O9, crystallizes in an
incommensurate structure that was first solved using the Rietveld method by Darriet et al.
[31], who determined that it is an n = 3, m =1 member of the 2H-perovskite related oxide
family (A3n+3mA’nB3m+nO9m+6n ), shown in Figure 6.7.
The idealized n = 3, m = 1 structure of Ba4Pt(II)Pt(IV)2O9, as shown in Figure
6.7, contains infinite chains of face shared octahedra and trigonal prisms, with an average
repeat unit of two octahedra for every one trigonal prism. The larger Pt(II) (0.80 Å)
cations are located in the trigonal prismatic sites whereas the smaller Pt(IV) (0.625 Å)
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Figure 6.7 Average commensurate unit cell of Ba4Pt3O9 with Pt4+ shown as grey
octahedra, Pt2+ shown as green trigonal prisms, and Ba as blue spheres.
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cations occupy the octahedral sites. The a lattice parameter can be understood as the
distance between the chains, and the c lattice parameter as the length of the chain per unit
cell. However, the actual modulated structure is better described as having two
independent c parameters for the [(A’B)O3]∞ and [A]∞ subcells, respectively. The ratio of
these c parameters provides a good approximation of the stacking sequence of trigonal
prisms to octahedra, which is useful for determining the overall repeat sequence in the
structure.
For incommensurate structures belonging to this family, it is often easier to
conceptualize this structure using the general formula A1+x(A’xB1-x)O3, where, for the
average Ba4Pt(II)Pt(IV)2O9 structure, x = 1/3. Based on the aforementioned c1 / c2 =
(1+x) / 2 relationship, the ratio of the c lattice parameters for each sub-cell should be
0.667, which is in excellent agreement with the value of 2.85 Å (c1) / 4.31 Å (c2) = 0.661,
determined by powder diffraction data that was analyzed using the superspacegroup
formalism [13,31]. The ratio of trigonal prisms to octahedra along the c1 sub-cell, which
was experimentally determined to be 1:2, agrees well with the equation Nprisms / Noctahedra
= x / (1-x), providing a close value of 0.48.
As previously discussed, small changes in reaction conditions can result in large
structural changes in this family of oxides, sometimes making the difference between a
commensurate and incommensurate phase. While the complete process by which
incommensurate structures form is unclear, it has been suggested that oxygen uptake
during the heating or cooling cycle of a synthesis can lead to oxygen incorporation into
the face-sharing polyhedral [(A’,B)O3]∞ chains [11]. This oxygen uptake causes trigonal
prismatic sites, which are on average 1.7 times the height of a regular octahedron, to split
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into two octahedra, thus changing the length of the c1 axis of the [(A’,B)O3]∞ subcell
without concomitantly changing the length of the c2 axis of the [A]∞ subcell. It is
empirically uncertain if the slow cool times required for crystal formation caused
increased susceptibility to oxygen uptake, but this is a reasonable possibility that may
explain the incommensurate nature of the parent compound and of all subsequent
substitutional variants.
Synthetically, the goal was to incorporate divalent cations into the trigonal
prismatic sites by selecting cations having ionic radii that are larger than that of Pt(IV)
and close to that of Pt(II). Hence, the assumption for the crystal growth of the series
Ba4MxPt3-xO9 (M = Co, Ni, Cu, Zn, Mg) was that the M(II) cation would replace Pt(II) in
the trigonal prismatic site. Pt(IV) typically occupies the octahedral site in this family of
structures and metals larger than the Pt(IV) cation are expected to occupy the trigonal
prismatic M site in this formula and only if additional M(II) is incorporated, substitute for
the Pt(IV) in the octahedral site. A table of ionic radii as a function of oxidation state and
crystal field splitting for the substituted cations can be found in Table 6.2 [32].
The evaluation of the EDS data combined with an analysis and comparison of the
powder X-ray diffraction data of the parent Ba4Pt3O9, shown in Figure 6.8, with the
diffraction data of the divalent metal substituted species, permits us to propose that in all
cases at least a partial replacement of the Pt(II) with the respective metal has occurred
and that the Ba4Pt3O9 structure was substantially maintained.
To determine the octahedral and trigonal prismatic repeat sequence in the infinite
chains, the c1 and c2 sub-cell lattice parameters were determined from powder diffraction
data analyzed using the JADE software. Although it is expected that substituting for
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Table 6.2 Summary of ionic radii as a function of oxidation state
Element
Pt
Co

Oxidation State
II
IV
II
III

Ni

IV
II
III

Cu
Zn
Mg

II
II
II
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Ionic Radii (Å)
0.80
0.625
0.745 (H.S.) 0.65
(L.S.)
0.61 (H.S.) 0.545
(L.S.)
0.53 (H.S.)
0.69
0.60 (H.S.) 0.56
(L.S.)
0.73
0.74
0.72

Figure 6.8 Powder X-ray diffraction patterns of parent structure Ba4Pt3O9, shown in red,
and Ba4NixPt2-xO9, shown in blue.
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Pt(II) would change the c lattice parameter, the distances between the infinite chains,
reflected by the a lattice parameter, should change only minimally. Using the a lattice
parameter of 10.098 Å of Ba4Pt3O9, both the c1 and c2 lattice parameters were determined
for each substitutional variant. The quotient of c1/c2 can be used with the aforementioned
equations to determine an x value, thus obtaining a reasonable description of the overall
structure according to the general formula A1+x(A’xB1-x)O3. It is important to note that
although the x value can determine the layer stacking and, hence, an overall structure, it
does not dictate which elements fill these crystallographic sites. A summary of lattice
parameters, x values, ratios of trigonal prisms to octahedra, and approximate
stoichiometries for all title compounds can be found in Table 6.3. A more detailed
analysis of c parameter determination is included in the Supplemental Information.
It is known that trigonal prismatic sites can convert to two octahedral sites under
oxidizing conditions, thereby changing the modulation vector q of the structure. Hence,
while we believe that the structure is substantially maintained, the specific modulation
vector may well have changed slightly, thereby resulting in a very similar
incommensurate structure with, a slightly different repeat sequence of octahedra and
trigonal prisms in the chains. The “average” structure, however, is thought to remain
substantially the same, which is consistent with the determined x values reported in Table
3, suggesting an approximate 1 : 2 ratio of trigonal prisms to octahedra.
In addition to determining the overall structure from the diffraction patterns,
suggested stoichiometries were obtained from EDS data, found in Table 6.4. As a
qualitative technique, these ratios are rough estimations of the overall elemental
composition; nonetheless, this data indicates a ratio of dopant to platinum ranging from
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Table 6.3 Summary of lattice parameters, stacking sequence and estimated stoichiometry
Dopant

C1

C2

Prism /
Octahedra
Platinum
2.85
4.31
0.476
Cobalt
2.77(1) 4.10(1)
0.514
Nickel
2.78(1) 4.20(2)
0.479
Copper
2.79(1) 4.19(2)
0.496
Magnesium 2.80(1) 4.19(2)
0.507
Zinc
2.81(1) 4.21(1)
0.504
* Based on the general formula A1+x(A’xB1-x)O3
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X value* Approx. Stoichiometry
0.325
0.351(1)
0.324(2)
0.332(2)
0.337(2)
0.335(1)

A4A’B2O9
A4.05A’1.05B1.95
A3.98A’0.98B2.02O9
A4.A’B2O9
A4.01A’1.01B1.99O9
A4A’B2O9

Table 6.4 Stoichiometries determined from EDS data
Dopant
Platinum
Cobalt
Nickel
Copper
Magnesium
Zinc

Stoichiometry
Ba3.4(2)Pt3.0(2)Ox
Ba3.0(2)Co0.6(4)Pt2.4(2)Ox
Ba3.2(2)Ni0.9(4)Pt2.1(3)Ox
Ba3.3(3)Cu0.9(2)Pt2.1(3)Ox
Ba2.6(3)Mg1.1(3)Pt1.9(1)Ox
Ba2.6(2)Zn1.2(2)Pt1.8(2)Ox
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1 : 1.5 to 1 : 2.5, bracketing the expected value of 1 : 2.
To improve on the EDS data, magnetic susceptibility data were collected for the
compositions containing one of the magnetic cations, Cu, Ni, and Co, shown in Figures
6.9-6.11. For all compounds, the formula weight per magnetic M ion was determined
such that the observed moment agreed with the expected moment for the respective
cation. The M ion concentration was then determined by finding the value x such that the
formula weight of Bay/xM1Pt(3-x)/xO9/x equaled the determined formula weight, where y is
equal to the Ba stoichiometry determined from the lattice parameter analysis, see Table 3.
Of course, using the observed moment to determine the magnetic cation content is
complicated by the wide range of published values of µeff for most first row transition
metals and thus, intrinsically, this approach involves substantial uncertainty.

We

therefore calculated a range of formulas for each analogue with the high M concentration
of the range being the spin only case and the low M concentration of the range being the
maximum typically observed moment due to spin orbit coupling [33]. A detailed
description of the magnetic data analysis for Ba4MxPt3-xO9 (M = Co, Ni, Cu) is provided
in the Supplemental Information.
The magnetic susceptibility of Ba4CuxPt3-xO9 is shown in Figure 6.9. The
susceptibility follows a modified Curie-Weiss behavior, χ = χ! + C

T-θ , where χ0 is a

temperature independent diamagnetic contribution. As χ0 will vary based on the formula,
the diamagnetic contribution was subtracted from the raw moment data instead of the
susceptibility data. Using the calculated spin only moment for Cu(II) of 1.73 µB/Cu, the
formula weight of Ba3+x(CuyPtx-y)xPt3-xO9 was found to be 818.2 g/mol Cu. The formula
weight corresponds to the formula Ba4Cu1.35Pt1.65O9. Based on the formula A4A’B2O9
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Range (µeff = 2.05 – 2.2 µB)
Ba4CuPt2O9
Ba4(Cu0.88Pt0.12)Pt2O9

Figure 6.9 Temperature dependent susceptibility and inverse susceptibility for
Ba3+x(CuyPtx-y)xPt3-xO9 based on the two end member compositions of the potential Cu
range determined from the magnetic data and lattice parameter analysis.
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Range (µeff = 2.84 – 4.4 µB/Ni)
Ba3.98Ni0.98Pt2.02O9
Ba3.98(Ni0.41Pt0.57)Pt2.02O9

Figure 6.10 Temperature dependent susceptibility and 2.827((χ-χ0)T)1/2 for
Ba3+x(NiyPtx-y)xPt3-xO9 based on the two end member compositions of the potential Ni
range determined from the magnetic data and lattice parameter analysis.
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Range (µeff = 4.90 – 5.2 µB/Co)
Ba4.05(Co0.5Pt0.55)(Co0.5Pt1.45)O9
Ba4.05(Co0.47Pt0.58)Pt1.95O9

Figure 6.11 Temperature dependent susceptibility and inverse susceptibility for
Ba3+x(CoyPtx-y)xPt3-xO9 based on the two end member compositions of the potential Co
range determined from the magnetic data and lattice parameter analysis. The
susceptibility is plotted per mole magnetic Co in the case of
Ba4.05(Co0.5Pt0.55)(Co0.5Pt1.45)O9 where only one Co site is magnetic.
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determined from the lattice parameter analysis, such a formula would require Cu(II) to
dope onto the octahedral site which is typically occupied by Pt(IV). This is not expected
due to the large size difference between Pt(IV) and Cu(II). For this reason, the actual
composition for the high M content end of the range is believed to be Ba4CuPt2O9. Based
on this formula, the effective moment is 2.05 µB/Cu, which falls within the range of 1.7 –
2.2 µB/Cu typically observed for Cu(II) [33] and suggests that some spin-orbit coupling
occurs, i.e. that that spin only approximation is not accurate in this case. If the high end
of the observed moment range is used, a formula weight of 1320.1 g/mol Cu is obtained
which corresponds to a composition of Ba4(Cu0.88Pt0.12)Pt2O9. The magnetic data coupled
with the lattice parameter analysis therefore provides a range for the Cu concentration of
0.88 – 1.00/F.U.
The magnetic susceptibility and 2.827(χmT)1/2 of Ba3+x(NiyPtx-y)xPt3-xO9 are shown
in Figure 6.10. The susceptibility does not follow Curie-Weiss behavior. Since a χ0
could not be calculated from the data, we subtracted a diamagnetic contribution that was
determined based on the Cu data, as it is reasonable to expect the diamagnetic moment
per unit mass to be similar for the Ni and Cu analogues, given the similarity between the
two compounds. Due to the non-Curie Weiss behavior, the observed moment is
approximated as the value of 2.827(χmT)1/2 at 300K. Based on the calculated spin only
moment for Ni(II) of 2.83 µB/Ni, the formula weight of Ba3+x(NiyPtx-y)xPt3-xO9 was found
to be 1271.4 g/mol Ni. This formula weight corresponds to a stoichiometry of
Ba3.98Ni1.00Pt2.00O9.

Considering the formula A3.98.A’0.98B2.02O9 determined from the

lattice parameter analysis, this composition would require Ni(II) to dope onto the
octahedral site, which is not expected due to the large size difference. Therefore, the
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formula for the maximum Ni concentration is believed to be Ba3.98Ni0.98Pt2.02O9. The
range of typically observed moments for Ni(II) is 2.8-4.0 µB/Ni [33]. The high end of this
range would provide a formula weight of 2743.6 g/mol Ni corresponding to a
composition of Ba3.98(Ni0.44Pt0.54)Pt2.02O9. The magnetic data coupled with the lattice
parameter analysis therefore provides a range for the Ni concentration of 0.44 – 0.98/F.U.
The magnetic susceptibility of Ba3+x(CoyPtx-y)xPt3-xO9 is shown in Figure 6.11 and
follows Curie-Weiss behavior with no indication of an appreciable diamagnetic
contribution, which is not unexpected given the much larger moment of Co compared to
Cu. The analysis of the magnetism is considerably more difficult for the Co analogue as
Co is known to be able to adopt multiple oxidation states, namely Co(II), Co(III) and
Co(IV), and has been found to mix onto the octahedral site in related compounds [34].
Two cases which will be considered here are Co(II) substituting onto the trigonal prisms,
similar to the other M cations, and equal amounts of Co(III) doping onto the trigonal
prism and octahedral sites, such that charge balance is maintained. In the first case,
Co(II) substituting onto the trigonal prisms, the Co must be high spin based on the
observed moment and provides a range of compositions from Ba4.05(Co0.82Pt0.23)Pt1.95O9
(spin only) to Ba4.05(Co0.47Pt0.58)Pt1.95O9 (maximum typically observed spin-orbit
coupling, 5.2 µB/Co(II) [33]. In the second case, Co(III) doping onto both sites, one or
both of the Co(III) sites can be high spin, as low spin Co(III) is diamagnetic. If one site
is high spin, a range of compositions from Ba4.05(Co0.5Pt0.55)(Co0.5Pt1.45)O9 (spin only) to
Ba4.05(Co0.45Pt0.6)(Co0.45Pt1.5)O9 (maximum typically observed spin-orbit coupling, 5.4
µB/Co(III) is obtained [33]. If both sites are high spin, a range of compositions from
Ba4.05(Co0.26Pt0.79)(Co0.26Pt1.69)O9 (spin only) to Ba4.05(Co0.24Pt0.81)(Co0.24Pt1.71)O9 (spin
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orbit coupling). Therefore, considering only the two cases described above, the magnetic
data coupled with the lattice parameter analysis therefore provides a range for the Co
concentration of 0.47 – 1.00/F.U.
Table 6.5 summarizes the possible compositions based on magnetic susceptibility
data, and Figure 6.12 graphically shows this information including the EDS data. This
data, coupled with lattice parameter analysis, indicates we were successful in the
substitution of M(II) cations for Pt(II) in trigonal prismatic sites, resulting in an
approximate composition of Ba4MPt2O9. The targeted substitution of divalent cations
(Mn, Co, Ni, Cu, Zn, Mg) into the trigonal prisms, otherwise occupied by Pt(II), served
two purposes. The first was to incorporate magnetic ions into the structure. In the trigonal
prismatic site, Pt(II), d8, possesses two unpaired electrons; however, Pt(II) has shifted
into the faces of the trigonal prism to take on a pseudo square-planar coordination
environment, as has been observed for Cu(II). In that coordination environment Pt(II)
has no unpaired electrons and is expected to be diamagnetic. This was confirmed by
running a magnetic susceptibility measurement on the parent structure Ba4Pt3O9, which
was diamagnetic at 300 K. Therefore, the addition of first row transition metals with
unpaired electrons to this structure has the potential of leading to interesting magnetism,
as is observed in the case of nickel. The second purpose for substituting divalent cations
into the trigonal prismatic sites was the expectation that cations such as zinc or
magnesium would have no preference for a square planar coordination environment and,
therefore, would be expected to occupy the center of the trigonal prism, thus perhaps
favoring a commensurate structure. This, however, was not observed.
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Table 6.5 Magnetic moments of end member compositions of the potential M dopant
range for Ba3+x(MyPtx-y)xPt3-xO9 determined from the magnetic data and lattice parameter
analysis.
Dopant
Cobalt(II)
Cobalt(III)
1 site
magnetic
Cobalt(III)
2 sites
magnetic
Nickel
Copper

Stoichiometry

µeff (µB/M)

Ba4.05(Co0.82Pt0.23)Pt1.95O9
Ba4.05(Co0.47Pt0.58)Pt1.95O9
Ba4.05(Co0.5Pt0.55)(Co0.5Pt1.45)O9

3.87
5.2
4.90

Ba4.05(Co0.45Pt0.6)(Co0.45Pt1.5)O9

5.40

Ba4.05(Co0.26Pt0.79)(Co0.26Pt1.69)O9

4.90

Ba4.05(Co0.24Pt0.81)(Co0.24Pt1.71)O9

5.40

Ba3.98Ni0.98Pt2.02O9
Ba3.98(Ni0.44Pt0.54)Pt2.02O9
Ba4CuPt2O9
Ba4(Cu0.88Pt0.12)Pt2O9

2.84
4.40
2.05
2.20
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µobs (µB/M) [33]
4.1-5.2 (H.S.)
4.9-5.4 (H.S.)
4.9-5.4 (H.S.)
2.8-4.0
1.7-2.2

Concentration (M/F.U.)

3.00

EDS
Magnetism

2.50
2.00
1.50
1.00
0.50
0.00

Co

Ni

Cu

Zn

Mg

Dopant
Figure 6.12 Dopant concentration in Ba3+x(MyPtx-y)xPt3-xO9 based on EDS and magnetic
data.
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4. Conclusion
The series Ba4MxPt3-xO9 (M = Co, Ni, Cu, Zn, Mg, Pt) was grown as large, well
faceted single crystals that crystallize in the 2H hexagonal perovskite related structure
type. The known structure of Ba4Pt3O9 was used to identify the structure type of the
grown crystals, which consisted of substitutional variants in which divalent cations
substituted for the platinum in the trigonal prismatic site, with apparently some Co(III) or
Co(IV) substituting into the octahedral sites. The structures of all compositional
substitutions were determined to be incommensurate by X-ray diffraction. Powder X-ray
diffraction, energy dispersive spectroscopy, and magnetic susceptibility measurements
were used to characterize the compositional substitutions made to the parent structure and
identify their structural similarity.
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Additional Information
Jade Analysis for c1 and c2 Lattice Parameter Determination
Using the cell refinement sub-routine of the JADE software package it is possible
to determine c1 and c2 of the prepared phases. Starting with the assumption that the
structures of the prepared phases have a very similar repeat sequence of octahedra and
trigonal prisms, the known values of a (10.098 Å ), c1(2.85 Å) and c2 (4.31 Å) for
Ba4Pt3O9 were used to obtain a best fit with the diffraction data for each phase by refining
first a and c1 followed by a and c2. This way it was possible to account for the presence
of the observed reflections in the collected diffraction data. Once a, c1 and c2 are
determined, it is possible, as outlined in the manuscript, to derive the repeat sequence of
the octahedra and trigonal prisms of the phase. The consistency between the data
obtained from EDS, magnetism and X-ray diffraction, makes us confident in the validity
of the determined lattice parameters.
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CHAPTER VII
A FAMILY OF A-SITE CATION DEFICIENT DOUBLE PEROVSKITESRELATED IRIDATES: Ln9Sr2Ir4O24: (Ln = La, Pr, Nd, Sm)1

1

Ferreira, T.; Smith, M. D.; zur Loye, H.-C. Inorg. Chem. 2018. Submitted.

246

Abstract
Compositions of the general formula Ln11-xSrxIr4O24 (Ln = La, Pr, Nd, Sm: 1.37 ≥
x ≥ 2) belonging to a family of A-site cation deficient double perovskite-related oxide
iridates were grown as highly faceted single crystals from a molten strontium chloride
flux. Their structures were determined by single crystal X-ray diffraction. Based on the
single crystal results, additional compositions, Ln9Sr2Ir4O24 (Ln = La, Pr, Nd, Sm) were
prepared as polycrystalline powders via solid state reactions and structurally
characterized by Rietveld refinement. The compositions Ln9Sr2Ir4O24 (Ln = La, Pr, Nd,
Sm) contain Ir(V) and Ir(IV) in a 1:3 ratio with an average iridium oxidation state of
4.25.

The single crystal compositions La9.15Sr1.85Ir4O24 and Pr9.63Sr1.37Ir4O24 contain

relatively less Ir(V), with the average iridium oxidation states being 4.21 and 4.09,
respectively. The magnetic properties of Ln9Sr2Ir4O24 (Ln = La, Pr, Nd, Sm) were
measured and complex magnetic behavior was observed in all cases at temperatures
below 30K.
Introduction
The investigation of complex iridates has been pursued for many decades and
numerous compositions containing both Ir(IV), Ir(V) and Ir(VI) have been reported to
date.1–5 Investigations of the magnetic properties of iridates has led to the observation that
spin orbit coupling often plays a dominant role in the observed magnetic moments, where
the potential of commercial applications6–8 as well as the desire for fundamental
understanding9–15 has led to the continuing investigation of complex iridium oxides. Spin
orbit coupling is especially prevalent in the 4d and 5d elements, including iridium for
which spin-orbit coupling is often sufficiently strong to affect crystal field splitting,
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leading to a splitting of the t2g manifold into Jeff = 3/2 and Jeff = 1/2 bands. For that reason,
some Ir(IV) containing compositions, A2IrO4 (A = Ba, Sr, Ca),6–8, 11, 16–21 have garnered
significant interest for their Jeff = 1/2 magnetic state, as it was proposed that a possible
link between this Jeff = 1/2 state and the S = 1/2 state of the layered cuprates may lead to
unconventional superconductivity.
The competition between crystal field effects and spin orbit coupling can manifest
itself in a variety of ways, with Ir(IV) containing compositions commonly exhibiting a
reduced magnetic moment, such as in Sr2IrO4 (0.50 µB/Ir)22 and Sr3Ir2O7 (0.69 µB/Ir)23.
Nonetheless, exceptions are known, including Na2IrO3 (1.79 µB/Ir)24 which exhibits a
magnetic moment consistent with one unpaired electron. This observation motivated a
study conducted by Phelan et al. to investigate a complex iridate of the general formula
SrxLa11-xIr4O24 (x = 1-5)10 to measure how the tuning of the valence of iridium via
strontium doping, from Ir(IV) 5d5 in SrLa10Ir4O24 to Ir(V) 5d4 in Sr5La6Ir4O24, affected
the temperature-dependent magnetic susceptibility. The results of this study determined
that the measured µeff decreased as x increased, indicating that as the composition
approached Sr5La6Ir4O24 (all Ir(V)), the magnetic susceptibility decreased. This is
consistent with strong spin orbit coupling interactions, demonstrating that this material is
a good model structure with which to further study spin orbit coupling effects.
Several compositions isostructural with SrxLa11-xIr4O24 are known, including
A11Re4O24 (A = Ca, Sr)25, 26 and Ba11Os4O2427; however, to date no examples of this
structure type with a magnetic ion on the A site have been reported. In the absence of a
magnetic ion on the A site, any magnetic property observed is due to the presence of
iridium on the B site, and any magnetic order would be the result of magnetic exchange
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coupling between them. To expand the investigation of this family of A-site cation
deficient double perovskite-related oxides we synthesized compositions having magnetic
ions on the A site as well. Herein we report on a series of complex oxides of the general
formula Ln11-xSrxIr4O24 (Ln = La, Pr, Nd, Sm: 1.37≥x≥2), synthesized both as single
crystals via chloride flux growth and as polycrystalline powders via traditional solid state
synthesis, to investigate the effect of having magnetic ions on both the A and the B site.
We discuss the crystal growth, synthetic considerations, structure determination and
magnetic properties of Ln9Sr2Ir4O24 (Ln = La, Pr, Nd, Sm) as polycrystalline powders and
La9.15Sr1.85Ir4O24, Nd9Sr2Ir4O24, and Pr9.63Sr1.37Ir4O24 as single crystals.
Experimental Section
Reagents. Ln2O3 (Ln = La, Pr, Nd, Sm) (Alfa Aesar 99.99%), Pr6O11 (Alfa Aesar
99.9%), SrCO3 (Alfa Aesar, 99.9%), Ir powder (Engelhard, 99.9995%), SrCl2 (Macron,
A.C.S. Reagent Grade) were used as received. Pr6O11 (Alfa Aesar, 99.99%) was reduced
to Pr2O3 under 5% hydrogen at 1000 °C in a tube furnace overnight.
Synthesis. Single crystals of Ln11-xSrxIr4O24 (Ln = La [x = 1.85], Pr [x = 1.63], Nd
[x = 2]) were grown from a high temperature chloride flux melt. Ln2O3 (La, Pr, Nd) (1
mmol), Ir (1 mmol), and SrCl2 (10g) were loaded into alumina crucibles with loose fitting
alumina lids. The crucibles were heated to 1150 °C at 600 °C/hr, held there for 24h, slow
cooled to 900 °C at 12 °C/hr and then allowed to cool to room temperature by turning off
the furnace. The black crystals were removed from the flux by dissolving the flux in
water assisted by sonication. The crystals were extracted by vacuum filtration.
Polycrystalline samples of Ln9Sr2Ir4O24 (Ln = La, Pr, Nd, Sm) were prepared by
intimately grinding Ln2O3, SrCO3, and Ir metal in stoichiometric amounts and heating the
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resultant powder in air in an alumina crucible with a loose fitting lid. The crucibles were
heated to 1150 °C for 148h with intermittent grindings in a programmable furnace.
Single Crystal X-ray Diffraction. Crystals grew as clusters of lustrous black
polyhedra, from which suitable data crystals were cleaved apart. X-ray intensity data
were collected at 303(2) K using a Bruker D8 QUEST diffractometer equipped with a
PHOTON 100 CMOS area detector and an Incoatec microfocus source (Mo Kα radiation,
λ = 0.71073 Å). The data collections covered 100% of reciprocal space to 2θmax = 75.6º,
with high average reflection redundancies (> 20). The raw area detector data frames were
reduced and corrected for absorption effects using the SAINT+ and SADABS programs.
Final unit cell parameters were determined by least-squares refinement of large sets of
reflections with I > 8σ(I) taken from the data sets. An initial structural model was
obtained with SHELXS using direct methods.28 Subsequent difference Fourier
calculations and full-matrix least-squares refinement against F2 were performed with
SHELXL-2014 using the ShelXle interface.29
The compounds are isostructural, and crystallize in the tetragonal system. Systematic
absences were uniquely consistent with the space group I41/a, which was shown to be
correct by structure solution. The asymmetric unit in I41/a (origin choice 2) consists of
six metal and six oxygen atoms: two iridium atoms located on crystallographic inversion
centers (Ir1 on site 8d and Ir2 on site 8c), two rare earth atoms on general positions (RE1
and RE2, site 16f), two mixed RE/Sr sites on two-fold axes of rotation (RE3/Sr3A and
Sr1/RE1A, site 8e, site symmetry 2..), and six oxygen atoms (O1 – O6). The six oxygen
atoms are located on general positions (site 16f). The mixed RE3/Sr3A site was identified
by trial refinements of the site with full occupancy by either RE or Sr, which resulted in
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either a unreasonably large (100% RE) or small (100% Sr) Ueq value, both accompanied
by poor refinement statistics. Refinement of the occupancy parameter resulted in a
significant decrease (RE) or increase (Sr) from 100% occupancy. Both observations are
consistent with RE / Sr mixing on this site. For the final site mixing model, the total site
occupancy was constrained to 100%, and refined to the following values: La, 0.523(4)
La3 / 0.477(4) Sr3A; Pr, 0.753(3) Pr3 / 0.247(3) Sr3A; Nd, 0.454(5) Nd3 / 0.546(5)
Sr3A). The mixed Sr1/RE1A position is located on site 8e but is disordered about the
nearby 4a site with (-4..) site symmetry, and was therefore refined with 50% occupancy.
In initial models from all datasets, this site was refined as fully (occupancy 0.50)
strontium, leading to a slight buildup of positive electron density (e.g. +1.44 / -1.25 e-/Å3
for RE = La) on the site. Refinement of the Sr1 occupancy resulted in a small increase
past full occupancy (to 0.530(2) or 106% in both La and Nd datasets) and a flattened
difference map. This was modeled as a small admixture of the rare earth element onto
this site. Final site occupancy was constrained to 0.5, and refined to La, 0.447(4) Sr1 /
0.053(4) La1A; Pr, 0.439(3) Sr1 / 0.061(3) Pr1A; Nd, 0.453(4) Sr1 / 0.047(4) Nd1A.
Both iridium and both 16f RE sites refined to full occupancy within experimental error.
All atoms were refined with anisotropic displacement parameters. The largest residual
electron density peak and hole in the final difference map are La: +1.27 and -1.25 e-/Å3,
located 0.50 Å from Ir1 and 0.54 Å from the Sr1/La1A site, respectively, Pr: +1.40 and 1.33 e-/Å3, located 0.66 from Ir1 and 0.67 from the Sr1/Pr1A site, respectively, and Nd:
+1.80 and -1.53 e-/Å3, located 0.64 Å from Ir1 and 0.29 Å from Nd2, respectively. Final
atomic coordinates were standardized with the Structure Tidy program.30–32
Crystallographic data are listed in Table 1.
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Table 7.1 Crystallographic Data for Ln11-xSrxIr4O24, (Ln = La [x = 1.85], Pr [x = 1.37],
Nd [x = 2])
Empirical formula La9.15Sr1.85Ir4O24

Nd9Sr2Ir4O24

Pr9.63Sr1.37Ir4O24

Formula Weight
(g mol-1)
Space group
Unit cell
dimensions
a (Å)
c (Å)
V (Å3)
Z
Density
(calculated)
(g cm-3)
Absorption
coefficient (mm-1)
F(000)
Crystal size (mm)

2586.14

2626.34

2629.91

I41/a

I41/a

I41/a

11.5955(11)
16.2531(15)
2185.3(5)
4
7.860

11.4244(11)
15.9867(16)
2086.5(5)
4
8.361

11.4576(14)
16.129(2)
2117.3(6)
4
8.250

46.266

52.504

50.229

4368
0.05 x 0.04 x
0.04
37.81
66209

4464
0.06 x 0.04 x
0.04
37.847
70857

4481
0.05 x 0.04 x
0.02
37.936
55953

2936 (Rint =
0.0449)

2805 (Rint =
0.0420)

2875 (Rint =
0.0395)

1.102

1.220

1.12

Θmax (deg)
Reflections
collected
Independent
Reflections
collected
Goodness-of-fit
on F2
R indicies
(all data)
Largest diff.
peak.hole
(e- Å-3)

R1 = 0.0275
R1 = 0.0260
wR2 = 0.0369
wR2 = 0.0435
1.273 and -1.248 1.804 and 1.532
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R1 = 0.0238
wR2 = 0.0307
1.401 and 1.328

Powder X-ray Diffraction (PXRD). Powder X-ray diffraction data were
collected on a Rigaku Ultima IV diffractometer using Cu Kα radiation. The step-scan
covered the angular range 10-120° in steps of 0.02°. Rietveld refinements, using the single
crystal structure solutions as a starting point, were carried out on Ln9Sr2Ir4O24 (Ln = La,
Pr, Nd, Sm), prepared via traditional solid-state synthesis, using the FullProf software. 33
Energy Dispersive Spectroscopy (EDS). Single crystals of Ln11-xSrxIr4O24 (Ln =
La [x = 1.85], Pr [x = 1.63], Nd [x = 2]) were analyzed using a TESCAN Vega-3 SBU
scanning electron microscope with EDS capabilities. All crystals were mounted on
carbon tape and analysis was carried out using a 20 kV accelerating voltage and an
accumulation time of 20 s. EDS verified the presence of Sr, Ir, O and the respective
lanthanide element. The absence of extraneous elements such as aluminum or chlorine
was confirmed within the detection limits of the instrument.
Magnetic Susceptibility. Magnetic properties were measured on polycrystalline
samples of Ln9Sr2Ir4O24 (Ln = La, Pr, Nd, Sm) using a Quantum Design Magnetic
Properties Measurement System (QD MPMS 3 SQUID Magnetometer).

Magnetic

susceptibility data were collected under zero-field cooled (ZFC) and field cooled (FC)
conditions from 2-300 K at an applied field of 0.1 T. Magnetization as a function of field
was measured from 0-5 T at 2 K. Data were corrected for sample shape and radial offset
effects as described previously.34
Results and Discussion
Synthesis. Single crystals of La9.15Sr1.85Ir4O24, Nd9Sr2Ir4O24, and Pr9.63Sr1.37Ir4O24
were grown out of a high temperature strontium chloride flux, while polycrystalline
powders of Ln9Sr2Ir4O24 (Ln = La, Pr, Nd, Sm) were prepared via a standard solid state
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route. Previous investigations of platinum group metal (PGM) containing oxides in our
group have focused primarily on using hydroxide fluxes at intermediate temperatures
(500-800° C)1, 2, 35–37, and carbonate fluxes at high temperatures (900-1150° C)38–41 to
obtain single crystals of PGMs. In particular, lanthanide containing iridates have often
been crystallized using reactive alkali metal hydroxides to synthesize various structure
types, including double perovskites such as Ln2NaIrO6 (Ln = La, Pr, Nd)42. In the study
described herein, the use of alkali metals fluxes was avoided since, as reactive fluxes, the
respective alkali metal cations are often incorporated into the resulting structure. Since it
was known from the work of Phelan et al. that strontium could be incorporated into the
Ln11Ir4O24 structure to prepare Ln11-xSrxIr4O24, and since strontium incorporation was the
intent, the use of SrCl2 as a flux seemed reasonable and did in fact yield the desired single
crystals. As some of the crystals have non-integer stoichiometries, we defaulted to the
solid state method to prepare the integer stoichiometries Ln9Sr2Ir4O24 (Ln = La, Pr, Nd,
Sm).
Structure. A scanning electron microscope (SEM) image of the crystal habit
observed for the Ln11-xSrxIr4O24 (Ln = La, Pr, Nd, Sm: 1.37 ≥ x ≥ 2) series is shown in
Figure 7.1. These crystals grow as black bipyramids, often as inter-grown clusters. A
shard cleaved from a cluster was used for single crystal structural determination. As with
most structures, there is more than one way to describe it. One way to describe the Ln11xSrxIr4O24

structure is based on a framework consisting of Ln(1)O8 and Ln(2)O9

polyhedra encapsulating a 3-dimensional channel structure in which Ir1, Ir2, Ln3 and Sr1
are located. The framework is formed by corner, edge and face sharing Ln(1)O8 and
Ln(2)O9 polyhedra, where the Ln(1)O8 polyhedra shares edges with 1 and faces with 3
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Figure 7.1. Scanning electron microscopy (SEM) image of the crystal habit of Ln11xSrxIr4O24 (Ln = La, Pr, Nd, Sm: 1.37≥x≥2).
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adjacent Ln(2)O9 polyhedra and one common corner with an adjacent Ln(1)O8 polyhedra.
The Ln(2)O9 polyhedra shares one corner and one edge with two adjacent Ln(2)O9
polyhedra and faces and edges with adjacent Ln(1)O8 polyhedra. This arrangement
results in 3-dimensional intersecting channels in which Ir1, Ir2, Ln3 and Sr1 are located,
shown in figure 7.2a, b. As shown in Figure 7.2c, d the Ir1 and Ir2 cations are lined up
and the Ln3 and Sr1 cations are lined up, corresponding to two interpenetrating cation
lattices.
A second structural description that emphasizes the iridium locations is best
understood as a composition of fundamental building blocks in the form of two unique
chains, each composed entirely of edge sharing polyhedra. The first chain consists of an
alternating pattern of Ir(2)O6 octahedra edge shared to a split occupancy (Sr/Ln)O8
polyhedron. Similar to the first chain, the second chain also consists of an alternating
pattern, but of Ir(1)O6 octahedra that are edge shared to a Sr(1)O8 site that exhibits mixed
occupancy. These two chains are connected via edge sharing between the jointly
occupied (Sr/Ln)O8 polyhedron of the first chain and the position-disordered Sr(1)O8 site
of the second chain. These chains form sheet-like structures containing ten membered
rings in the ac plane shown in Figure 7.3a. This sheet interpenetrates with an identical
orthogonal sheet in the bc plane, shown in Figure 7.3b. The Sr/Ln chain extends into the
bc plane by edge sharing to the Sr site in the ac plane, and the same Sr site edge shares
with Ir(1)O6 to form the second chain in the bc plane, completing the sheet structure,
creating an alignment of Ir(1) and Ir(2) in the a, b and c direction.
The composition of Ln9Sr2Ir4O24 results in an iridium oxidation state of 4.25,
indicating mixed valent Ir(IV)/Ir(V). For charge balancing reasons we expect
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A.

B.

C.

D.

Figure 7.2 Polyhedral representation of the series Ln11-xSrxIr4O24 (Ln = La, Pr, Nd, Sm:
1.37≥x≥2), viewed as a framework consisting of Ln(1)O8 and Ln(2)O9 shown in blue, in
which Ir1, Ir2, Ln3, and Sr1 can be found in the resulting channels, shown in light blue,
grey, orange, and green, respectively. The framework is shown with Ir1 and Ir2 (A) and
Ln3 and Sr1 (B) in the channels. The corresponding locations of Ir1, Ir2, Ln3, and Sr1
with the framework removed are shown in C and D.
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A.

B.

Figure 7.3. Polyhedral representation of the sheet structure of the series Ln11-xSrxIr4O24
(Ln = La, Pr, Nd, Sm: 1.37≥x≥2), composed of two unique chains. The first chain
consists of octahedra Ir(2), shown in grey, and an eight coordinated Sr/Ln site, shown in
orange. The second chain consists of octahedral Ir(1), shown in light blue, and an eight
coordinate disordered Sr site, shown in green. Figure A, on the left, shows the ten
member rings present in the ac plane. Figure B, on the right, shows where the second,
orthogonal bc plane sheet connects with the ac plane sheet.
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Ln9Sr2[Ir(IV)]3[Ir(V)]O24 and we can attempt to assign oxidation states to the two iridium
sites using the Bond Valence Sum (BVS) approach. The results of this approach for
Nd9Sr2Ir4O24 indicate that Ir(I) has a BVS of 4.94 and Ir(2) of 4.01, shown in Table 7.2.
This nonetheless requires the presence of Ir(IV) on both crystallographically unique Ir
sites, even the site which BVS assigns as primarily Ir(V). Since we have a 3:1
distribution of Ir(IV) to Ir(V), this suggests that Ir(2) is predominantly or wholly Ir(IV)
while Ir(1) is mixed Ir(IV/V). The other two single crystal structures, La9.15Sr1.85Ir4O24
and Pr9.63Sr1.37Ir4O24 contain relatively less Ir(V) and have average iridium oxidation
states of 4.21 and 4.09, respectively. Consistent with this trend we find that the BVS for
Ir(2) drops to 4.97 and 4.53, respectively, while the BVS for Ir(1) remains close to 4, 3.91
and 4.00, respectively.
Previously reported examples of this structure type have been described as A-site
cation

deficient

double

perovskite-related

oxides

of

the

general

formula

4[(A7/8☐1/8)BB’O6]. For the titled compositions, this would give a formula of
4([Ln7/8☐1/8]2[Ln0.5Sr0.5][Ir]O6) or ([Ln7][Ln2Sr2][Ir4]O24), with [Ln7] as the “A site”,
[Ln2Sr2] as the “B site”, and [Ir4] as the “B’ site.” With the exception of the study
conducted by Phelan et al. and the compositions described herein, all previously reported
examples of this structure type lack site mixing. Specifically, stoichiometric Ba11Os4O24,
contains a [BaO9]7 A site, a [BaO8]4 B site, and a [OsO6]4 B’ site, leading to a rock salt
arrangement of OsO6 octahedra and BaO8 polyhedra. Ba11Os4O24 has three
crystallographically unique Ba sites, two of which are BaO9 polyhedra, which comprise
the A site, and one that consists of BaO8 polyhedra, making up B site. In Ln9Sr2Ir4O24 the
doping of Sr introduces site mixing exclusively on the third crystallographically unique
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Table 7.2 Interatomic distance and bond valence sum values for Iridium-oxygen bonds in
La9.15Sr1.85Ir4O24, Pr9.63Sr1.37Ir4O24, and Nd9Sr2Ir4O24.
Empirical
formula
La9.15Sr1.85Ir4
O24

MetalOxygen
Bond
Ir(2)-O

Bond
Distance (Å)
1.990(2) x 2
2.021(2) x 2
2.079(2) x 2
1.965(2) x 2
1.998(2) x 2
2.019(2) x 2
1.987(5) x 2
2.024(5) x 2
2.076(5) x 2
1.965(5) x 2
1.995(5) x 2
2.020(5) x 2
1.993(3) x 2

Ir(1)-O

La9Sr2Ir4O24

Ir(2)-O

Ir(1)-O

Pr9.63Sr1.37Ir4O

Ir(IV)-O

Bond
Valence
Sum
3.91

4.87

3.92

4.88

4.00

24

2.025(3) x 2
2.044(3) x 2
1.986(3) x 2
2.006(3) x 2
2.073(3) x 2
1.991(6) x 2
2.023(6) x 2
2.042(6) x 2
1.984(6) x 2
2.005(6) x 2
2.071(6) x 2
1.981(3) x 2
2.007(3) x 2
2.075(3) x 2
1.956(3) x 2
1.992(3) x 2
2.020(3) x 2
1.961(5) x 2
2.001(5) x 2
2.055(5) x 2
1.942(5) x 2
1.974(5) x 2
2.008(5) x 2

Ir(V)-O

Pr9Sr2Ir4O24

Ir(2)-O

Ir(1)-O

Nd9Sr2Ir4O24

Ir(IV)-O

Ir(V)-O

Sm9Sr2Ir4O24

Ir(2)-O

Ir(1)-O
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4.53

4.01

4.55

4.01

4.94

4.15

5.08

Ln(3) site, resulting in a jointly occupied Sr/Ln site. In addition, there is a unique Sr(1)
site that suffers from slight positional disorder, and these two sites combined represent
the “B site.”
In addition to synthesizing single crystals of La9.15Sr1.85Ir4O24, Nd9Sr2Ir4O24, and
Pr9.63Sr1.37Ir4O24, polycrystalline powders of Ln9Sr2Ir4O24 (Ln = La, Pr, Nd, Sm) were
synthesized via solid state synthesis. Rietveld refinements were performed on all four
polycrystalline samples using the FullProf Suite program

33,

with the crystallographic

information obtained from single crystals as a starting structural model. Structural
information and refinement patterns can be found in Table 7.3, Figure 7.4, and Figures
7.5 and 7.6, respectively. These polycrystalline powders were synthesized to ensure that
all magnetic data were collected on phase pure samples with known stoichiometries, and
thus equivalent non-magnetic dopant (Sr) amounts. This makes it possible to assign any
significant differences in magnetic susceptibility across samples to the lanthanide
substitution, and not due to structural distortions resulting from a variation of the Sr
content, or changes in the Ir valence due to a variation of the Sr content that might occur
in a batch of single crystals.
Magnetism. The presence of magnetic cations on the LnO9 site, in addition to the
LnO8 site, was a primary motivator for the synthesis of this series of structures.
Previously reported examples of this structure contained octahedral MO6 magnetic
cations separated by a non-magnetic MO8 cations in a rock salt arrangement. This
arrangement only allows for magnetic interactions to occur via super-superexchange and,
thus, the introduction of a magnetic cation into the MO8 polyhedra allows for a variety of
superexchange pathways, namely 5d-4f superexchange interactions between (Ir(IV)-Ln)
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Table 7.3. Crystallographic data for Ln9Sr2Ir4O24, (Ln = La, Pr, Sm)
Empirical
formula
Formula
Weight
(g mol-1)
Space
group
Unit cell
dimensions
a (Å)

La9Sr2Ir4O Pr9Sr2Ir4O
24

24

2586.14

2626.34

Sm9Sr2Ir4
O24
2689.19

I41/a

I41/a

I41/a

11.579(3)

11.443(2)

11.313(1)

c (Å)
RF-factor
χ2

16.279(2)
1.41
14.7

16.118(4)
1.47
6.38

15.940(2)
2.21
8.80
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Figure 7.4 Rietveld refinement pattern of La9Sr2Ir4O24 collected on a powder X-ray
diffractometer. The data is shown in red, fit to the nuclear structure, shown in black.
Green tick marks correspond to the nuclear reflections and the blue line corresponds to
the difference between experimental data and the model nuclear phase.
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Figure 7.5 Rietveld refinement pattern of Pr9Sr2Ir4O24 collected on a powder X-ray
diffractometer. The data is shown in red, fit to the nuclear structure, shown in black.
Green tick marks correspond to the nuclear reflections and the blue line corresponds to
the difference between experimental data and the model nuclear phase.
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Figure 7.6 Rietveld refinement pattern of Sm9Sr2Ir4O24 collected on a powder X-ray
diffractometer. The data is shown in red, fit to the nuclear structure, shown in black.
Green tick marks correspond to the nuclear reflections and the blue line corresponds to
the difference between experimental data and the model nuclear phase.
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alongside both 5d-5d (Ir(IV)-Ir(IV)) and 4f-4f (Ln-Ln) super-superexchange interactions.
The temperature dependence of the magnetic susceptibility was measured for all
samples in an applied field of 0.1 T using both field cooled (FC) and zero field cooled
(ZFC) measurement conditions. The composition La9Sr2Ir4O24 was studied first, as the
simplest example of all studied materials, with only one magnetic cation Ir(IV), which
can couple magnetically only through a non-magnetic Sr/La site. The temperature
dependence of the magnetic susceptibility is shown in Figure 7.7, which indicates low
temperature field dependence with a TN = 11 K. The inset shows a ferromagnetic-like
transition in the FC data, with a broad antiferromagnetic transition in the ZFC data. No
hysteresis was present in the magnetization versus field measurement, shown in Figure
7.8, although a positive Weiss constant, θ = 23, was observed. The low, yet positive
Weiss temperature suggests a balance of ferromagnetic and antiferromagnetic
interactions in this material. Based on the low susceptibility and magnetization observed
in Figures 7.7 and 7.8, respectively, these interactions may result in spin canting. Fitting
the high temperature susceptibility data to the Curie-Weiss law results in an effective
moment of 2.34 µB, which is lower than the calculated spin only moment of 3.00 µB. This
decreased effective moment, likely due to spin orbit coupling, is consistent with previous
reports for this composition.
The magnetic susceptibility of Pr9Sr2Ir4O24 at 0.1 T exhibits an even higher
magnetic ordering temperature, TN = 18 K, with a similar ferromagnetic-like transition in
the FC data, and antiferromagnetic transition in the ZFC data, shown in Figure 7.9.
Following this brief antiferromagnetic transition is a very broad and gradual increase in
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Figure 7.7 Temperature dependence of the magnetic susceptibility of La9Sr2IrO24 at an
applied field of 0.1 T.
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Figure 7.8 Magnetization (µB) versus magnetic field (T) for La9Sr2Ir4O24 ranging from 0
to 5 T at 2 K.
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Figure 7.9 Temperature dependence of the magnetic susceptibility of Pr9Sr2IrO24 at an
applied field of 0.1 T.
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the susceptibility, with the ZFC data following a trend similar to the FC data, although
with lower magnitude of the susceptibility. The broadness of this transition may suggest a
variety of magnetic interactions are occurring, possibly coupling between praseodymium
and iridium, and cannot be individually identified by a bulk susceptibility measurement.
The Weiss constant, θ = -40, is significantly lower than the observed for the La analog,
indicating stronger antiferromagnetic interactions, despite the presence of weak hysteresis
at 2 K, shown in Figure 7.10. The low saturation magnetization of 4 µB in a material
containing twelve magnetic cations suggests that the presence of multiple magnetic
exchange pathways is causing competition, resulting in possible spin canting or magnetic
frustration. This is further corroborated by the low susceptibility exhibited in the
temperature sweep measurement. A fit of the high temperature inverse susceptibility data
results in an effective moment of 11.17 µB per formula unit, which is very close to the
calculated moment of 11.21 µB, determined by treating Ir(IV) as a conventional S = ½
magnetic cation, and Ir(V) as a S = 0 cation as a result of spin orbit coupling. Due to the
structural disorder in this compound, it is plausible that crystal electric field effects are
sufficiently strong to disrupt spin orbit coupling in Ir(2)O6 specifically, shown in Figure
7.3, causing the t2g manifold to not split.

11, 16, 19, 43

By contact, the Ir(1)O6 environment,

shown in Figure 7.3, is significantly less tilted, and the octahedral environment is less
distorted from an ideal octahedron than is the Ir(IV)O6 environment, which may explain
the presence of spin orbit coupling.
The Nd9Sr2Ir4O24 composition, a material containing even more unpaired
electrons, exhibits similar field dependence to the La and Pr analogs, with an increased
magnetic ordering temperature of TN = 27 K, shown in Figure 7.11. The low temperature
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Figure 7.10 Magnetization (µB) versus magnetic field (T) for Pr9Sr2Ir4O24 ranging from 0
to 5 T at 2 K. A weak coercive force can be observed in the hysteresis loop inset.
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Figure 7.11 Temperature dependence of the magnetic susceptibility of Nd9Sr2IrO24 at an
applied field of 0.1 T.
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inset shows the same ferromagnetic-like transition in the FC data that was present in the
La and Pr analogs, however the previous antiferromagnetic transition in the ZFC is
largely gone; it does exhibit the same broad and gradual increase in susceptibility. The
absence of hysteresis, shown in Figure 7.12, in addition to the larger negative value of the
Curie-Weiss θ at -60 K indicates stronger antiferromagnetic interactions in this material,
although no clear transitions in the susceptibility data are observed. As mentioned for the
Pr analog, the existence of a multitude of magnetic exchange pathways likely creates
competing interactions resulting in possible spin canting or magnetic frustration. This is
corroborated by low susceptibility and saturation magnetization shown in Figure 7.11 and
7.12, respectively. A fit of the high temperature inverse susceptibility data results in an
effective moment of 11.97 µB per formula unit, which is in good agreement with 11.79
µB, determined by treating Ir(IV) as a conventional S = ½ magnetic cation, and Ir(V) as a
S = 0 cation. Similar to the Pr analog, greater structural distortions of the Ir(IV)O6
octahedra, as compared to Ir(V)O6, may be the cause for this. Additionally, the presence
of magnetic LnO8 and LnO9 into this structure type may also play a role in this, as a wide
variety of magnetic exchange pathways are possible.
The magnetic susceptibility of Sm9Sr2Ir4O24, shown in Figure 7.13, exhibits low
temperature field dependence with a ferromagnetic-like transition in the FC data and a
very weak antiferromagnetic transition in the ZFC, similar to what is observed for the
other compositions. The magnetic susceptibility exhibited for this composition is an order
of magnitude lower than the other magnetic lanthanide compositions, and of the same
order of magnitude as the La analog. As a composition possessing forty eight unpaired
electrons per formula unit, in addition to a variety of possible magnetic exchange
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7.12 Magnetization (µB) versus magnetic field (T) for Ndr9Sr2Ir4O24 ranging from 0 to 5
T at 2 K.
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Figure 7.13 Temperature dependence of the magnetic susceptibility of Sm9Sr2IrO24 at an
applied field of 0.1 T.
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pathways, it is quite likely that in this material competing interactions are resulting in
magnetic frustration, leading to an overall reduced moment. Although the magnetic
susceptibility is lower, the ordering temperature of TN = 27 K is the same as
Nd9Sr2Ir4O24. Due to the presence of samarium, this material does not obey Curie-Weiss
behavior at elevated temperatures, and thus no effective moment or Weiss constant θ was
determined. A χMT plot, shown in Figure 7.14 was created to approximate an effective
moment, which was determined to be 5.68 µB, a value that is consistent with the spin only
moment of 5.66 µB.
Conclusion
A series of heavily distorted A-site cation deficient double perovskites of the
general formula Ln11-xSrxIr4O24 (Ln = La, Pr, Nd, Sm: 1.37≥x≥2) were grown as single
crystals from a molten strontium chloride flux. Magnetic measurements were carried out
on Ln9Sr2Ir4O24 (Ln = La, Pr, Nd, Sm), synthesized via the solid state method. The
magnetic measurements focused on a versatile structure type that can contain both one or
two magnetic cations on a variety of crystallographically unique sites. Temperature
dependent magnetic susceptibility and field dependent magnetization measurements were
conducted for all synthesized compositions. Analysis of the magnetic data indicated that
smaller lanthanide cations lead to higher magnetic ordering temperatures and Weiss
constants, θ, that were more negative. This magnetic data suggests a trend of increased
magnetic frustration caused by the introduction of smaller lanthanide cations that contain
an increasing number of unpaired electrons into a structure, coupled with the existence of
multiple competing magnetic exchange pathways. As the structure is compositionally
quite adjustable, future measurements on additional compositions is certainly of interest.
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Figure 7.14 Temperature dependence of χmT for Sm9Sr2Ir4O24 under an applied field of
0.1 T. At 300 K, a magnetic moment of 5.68 µB is observed.
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CHAPTER VIII
BaFe4O7 AND K0.22Ba0.89Fe4O7: CANTED ANTIFERROMAGNETIC
DIFERRITES WITH EXCEPTIONALLY HIGH MAGNETIC ORDERING
TEMPERATURES1

Ferreira, T.; Morrison, G.; Chance, M. W.; Calder, S.; Smith, M. D.; zur Loye, H.C. Chem. Mater. 2017, 29, 2689-2694.
1
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Abstract
A new polymorph of BaFe4O7 as well as the first doped diferrite structure,
K0.22Ba0.89Fe4O7 was synthesized as single crystals via the hydroflux technique. These
isostructural compositions crystallize in a new structure type and both have exceptionally
high magnetic ordering temperatures, BaFe4O7 (TN = 850 K) and K0.22Ba0.89Fe4O7 (TN =
870 K). Magnetic susceptibility measurements in addition to powder neutron diffraction
measurements were made for both compositions. The magnetic structure of BaFe4O7 was
determined to be a canted antiferromagnet. The chemical doping of potassium in this
composition, resulting in K0.22Ba0.89Fe4O7, was shown to increase this degree of spin
canting.
Introduction
Complex iron containing oxides, typically referred to as ferrites, have been
extensively

studied

for

their

electronic

and

magnetic

properties,

including

magnetotransport,1 ferromagnetism,2 ferroelectricity,3 and a combination of the latter two,
known as multiferroism.4,5 The search for materials possessing simultaneous
ferromagnetic and ferroelectric behavior is of significant interest both for the
advancement of fundamental science6–10 and for applications in random access memory
(RAM).11, 12 Despite the great technological potential of multiferroics, one or both of the
ferroic ordering temperatures tend to fall below room temperature, such as in the
compositions TbMnO38 and Ni3V2O813, thus eliminating their practical utility for RAM
applications. The scarcity of multiferroics possessing room temperature ferroic orderings
continues to drive exploratory research in this field. For this reason, ferrites have
garnered significant interest due to their often high ferroic ordering temperatures, for
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example in BiFeO33. Among all ferrites, hexaferrites are the most studied prototypical
examples and constitute a specific subclass of ferrites that follows the stoichiometry
BaO—nFe2O3, in which the n value dictates the nomenclature, i.e. (n = 6) is a hexaferrite
or (n = 1) is a monoferrite. This versatile class of materials encompasses a wide range of
related structures best described by Pullar,14 serving as the motivation for this work.
In this study, we report the synthesis, nuclear/magnetic structure, and magnetic
properties of a new polymorph of BaFe4O7 (the other polymorph was reported in 1973 by
Okamoto et al.,15,16) and of the new complex ferrite K0.22Ba0.89Fe4O7, where our
successful replacement of barium by potassium has resulted in the synthesis of the first
reported doped diferrite compound. These isostructural compositions crystallize in a new
structure type, order magnetically well above room temperature, and are only the second
and third reported diferrite compositions to date.
Experimental
Phase pure single crystals of BaFe4O7 were synthesized via the hydroflux growth
technique17,18 using 0.5 mmol Ba(OH)28H2O (Alfa Aesar 98+%), 2 mmol
Fe(NO3)39H2O (Alfa Aesar 98+%), 5.0g KOH (BDH ACS Grade) and 2.0 mL distilled
H2O contained in silver tubes that were TIG welded on both ends. This reaction mixture
was heated to 260 °C at a ramp rate of 300 °C/hr, held for 24 hours, and cooled to room
temperature at a rate of 6 °C/hr. Any pressure present within the silver tube during
heating was counter-balanced by an equal or greater external pressure created by placing
the tubes in a water counter-filled 500 mL stainless steel Parr Instruments pressure vessel.
Proper personal protective equipment was worn during removal of the viscous flux
matrix from the sealed silver tubes, as they contain caustic water and residual pressure.
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The crystals were isolated by removing the flux in hot water, aided by sonication,
followed by vacuum filtration using acetone to dry the resultant crystals.
Phase pure single crystals of K0.22Ba0.89Fe4O7 were synthesized under wet
hydroxide flux conditions in a 23 mL polytetrafluoroethylene (PTFE) lined autoclave
using 0.5 mmol Ba(OH)28H2O (Alfa Aesar 98+%), 2 mmol Fe(NO3)39H2O (Alfa Aesar
98+%,) 5.0g KOH (BDH ACS Grade) and 1.0 mL distilled H2O. This reaction was heated
to 230 °C at a ramp rate of 300 °C/hr, held for 24 hours, and cooled to room temperature
at a rate of 6 °C/hr. Upon cooling the crystals were isolated as described above. Structural
determination of the single crystals was performed using a Bruker D8 QUEST
diffractometer equipped with a PHOTON 100 CMOS area detector and an Incoatec
microfocus source (Mo Kα radiation λ = 0.71073 Å). Relevant crystallographic
information can be found for these compounds in Table 8.1.
Structural Description
Similar to the hexaferrites, the diferrite has two crystallographically unique
Fe(III) sites, one octahedral and one tetrahedral. The first Fe(III) site consists of edgeshared octahedra that form sheets that are separated by Fe2O7 units. These Fe2O7 units are
composed of two Fe(III) tetrahedra corner-shared to each other and to the octahedral
sheets above and below them. In the composition BaFe4O7, the barium atoms are located
between the octahedral sheets, and in K0.22Ba0.89Fe4O7, the potassium and barium atoms
are located between the octahedral sheets (Figure 8.1A). Despite differing synthetic
techniques and slightly different structures, there is no difference in crystal morphology
between the two compositions, shown in the Scanning Electron Microscopy (SEM)
images (Figure 8.1B).
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Table 8.1 Crystallographic information for BaFe4O7 and K0.22Ba0.89Fe4O7
Empirical formula
Formula Weight
(g mol-1)
Space group
Unit cell
dimensions
a (Å)
b (Å)
c (Å)
V (Å3)
Z
Density (calculated)
(g cm-3)
Absorption
coefficient (mm-1)
F(000)
Crystal size (mm)
Θmax (deg)
Reflections
collected
Goodness-of-fit on
F2
R indicies
(all data)
Largest diff.
peak.hole
(e- Å-3)

BaFe4O7
472.74

K0.22Ba0.89Fe4O7
465.95

P-31c

P-31c

5.1503(10)

5.1532(2)

5.1503(10)
13.8069(6)
317.170(18)
2
4.950

5.1532(2)
13.8134(6)
317.68(3)
2
4.871

15.031

14.480

432
0.06 x 0.50 x 0.04
32.606
6615 (Rint = 0.0371)

428
0.05 x 0.50 x 0.04
30.523
4452 (Rint = 0.0272)

1.217

1.393

R1 = 0.0383
wR2 = 0.0622
4.199 and -4.586

R1 = 0.0206
wR2 = 0.0409
0.606 and -0.398
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A.

B.

Figure 8.1 (A) Polyhedral representation of BaFe4O7 (left) with Fe(III) occupying
octahedra shown in green and tetrahedra shown in gray. Barium atoms are shown in blue.
The polyhedral representation of K0.22Ba0.89Fe4O7 (right) shows the doped potassium in
light blue. (B) Scanning Electron Microscopy images of representative crystals
illustrating the morphology and thickness of both BaFe4O7 and K0.22Ba0.89Fe4O7 crystals.
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The structural differences between the herein reported polymorph of BaFe4O7 and
the one previously reported by Okamoto are in the arrangement of the Fe2O7 units
separating the octahedral sheets. The hexagonal, P63/m BaFe4O7 reported by Okamoto
contained eclipsed Fe2O7 units, whereas the trigonal P31c BaFe4O7 reported herein
contains staggered Fe2O7 units, as shown in Figure 8.2.
Magnetic Properties
Magnetic properties of the titled compositions were collected on ground single
crystals of BaFe4O7 and K0.22Ba0.89Fe4O7 using a magnetic properties measurement
system, QD-MPMS3 SQUID VSM, and its removable oven attachment.

The

susceptibility was measured by loading the sample into a silver pouch, which was folded
shut. For the low temperature susceptibility, 2 – 300 K, the pouch was glued to a quartz
paddle using GE-7031 varnish. Data were collected under zero-field-cooled (ZFC)
conditions at an applied field of 0.1 T. The high temperature susceptibility, 300 – 950 K,
was measured by removing the varnish and gluing the same silver pouch to an oven stick
using zircar cement. Data were collected under field warming and field cooling
conditions in an applied field of 0.1 T. After heating, the silver pouch was removed from
the zircar cement and was glued to a quartz paddle using GE-7031 varnish. The low
temperature susceptibility was collected at 1000 Oe under field cooling conditions. For
all data, the raw data was corrected for the diamagnetic moment of the silver pouch using
the molar susceptibility of silver metal.
The previously reported polymorph of BaFe4O7 was described as an
antiferromagnet with a TN = 945 K, but was reported to thermally decompose into
BaFe12O19 and BaFe2O4 at 925 K, making the reported Néel temperature unclear.
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Figure 8.2 Polyhedral representation of the polymorph of BaFe4O7 first reported by
Okamoto with eclipsed iron tetrahedra (left) and the herein reported polymorph of
BaFe4O7 with staggered iron tetrahedra (right).
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The susceptibility measurements for the two title compounds revealed an
irreversible

change

in

magnetization

(TN

=

850

K

for

BaFe4O7)

and

(TN = 870 K for K0.22Ba0.89Fe4O7) upon heating, clearly illustrated by the significant
difference between the ZFC and FC (field-cooled) measurements shown in Figure 8.3. To
confirm that this irreversible change was not the result of a large field- dependence in the
material, the same sample was run a second time; the data for the repeat runs, shown in
Figure

8.4,

virtually

overlay

the

FC

data shown in Figure 8.3.
Similar magnetic behavior was reported for the previously reported polymorph of
BaFe4O7 and was explained as resulting from the decomposition of BaFe4O7 into
BaFe12O19 and BaFe2O4, as confirmed by powder XRD. Furthermore, difficulties in
interpreting susceptibility data collected below 850 K were reported due to the presence
of a ferrimagnetic impurity. In contrast, the title compositions do not thermally
decompose below 950 K, as confirmed by powder XRD.
Neutron Powder Diffraction
To further investigate the structural and magnetic behavior of both the title
compounds, and to contrast their behavior to the known effect of chemical doping on the
magnetic susceptibility of hexaferrite systems,19–22 neutron powder diffraction (NPD)
measurements were conducted at Oak Ridge national Laboratory (ORNL) on instrument
HB-2A at the High Flux Isotope Reactor (HFIR). Measurements were performed with the
sample loaded into a vacuum furnace at 350 K, 950 K, and then once against at 350 K.
No impurities were detected in the neutron data. Figure 8.5 shows neutron powder
diffraction data collected at 350 K, well below the TN (850 K).
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Figure 8.3 Magnetic susceptibility plots for BaFe4O7 (left) and K0.22Ba0.89Fe4O7 (right)
showing the susceptibility measured under zero-field cooled (green) and field cooled
(red) conditions in the temperature range of 2-900 K in an applied field of 0.1 T. The
discontinuity in the susceptibility at 300 K is an artifact of switching sample mounting
methods between the two temperature ranges.

293

Figure 8.4 Magnetic susceptibility plot for BaFe4O7, showing the initial susceptibility
measured upon heating (green), the susceptibility under field cooled conditions (red) and
the susceptibility of the same sample after being heated to 950 K and zero field cooled to
300 K (blue). All measurements were collected under an applied field of 0.1 T.
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Figure 8.5 Neutron powder diffraction pattern (λ=2.41 Å) of BaFe4O7 taken at 350 K
shown in red, overlaid with the nuclear model, shown in black. Upper tick marks
correspond to the nuclear reflections.

295

The presence of intensity differences between the structural model and the data at
this temperature (T<TN), most notably at 32.89 degrees 2θ, is due to the magnetic
contribution of the iron to the data. To account for the magnetic contribution,
representational analysis23 was used to determine the magnetic structure. The absence of
any additional Bragg peaks at reflections not commensurate with the nuclear reflections
in the data suggests a propagation vector k = (0 0 0). Given the P-31c symmetry of the
nuclear structure, the magnetic moment on two unique iron sites on the special 3d
Wyckoff site, and the commensurate propagation vector k = (0 0 0), there are six possible
irreducible representations. All six magnetic models were fit to the data, and the magnetic
scattering intensities were best fit by Γ1 (Kovalev numbering scheme)23. This model
consists of an antiferromagnetic arrangement of spins parallel to the c-axis. To fully
satisfy the measured magnetic scattering intensity of all the reflections present, the
addition of a second magnetic model, Γ5, which introduces spins along the a and b axes,
was introduced. The fit to the data, including the nuclear and magnetic models, is shown
in Figure 8.6.
The edge-shared octahedral iron, 4.2(0.3)µB, form a ferromagnetic honeycomb
lattice that orders as an A-type antiferromagnet within the magnetic unit cell. These
honeycomb sheets are separated by tetrahedral iron, 3.8(0.3)µB, that order
antiferromagnetically with each other at a canting angle of 8.22(0.2)° off the c-axis,
shown in Figure 8.7. The source of the spin canting on the tetrahedral site can be
understood as the inability to satisfy both antiferromagnetic ordering with the tetrahedral
iron and ferromagnetic ordering with the octahedral iron. This is supported by
Goodenough-Kanamori-Anderson rules, as antiferromagnetic order is expected between
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Figure 8.6 Neutron powder diffraction pattern (λ = 2.41 Å) of BaFe4O7 collected at 350
K. Data shown in red, fit to the nuclear structure and magnetic models, Γ1 and Γ5, shown
in black. Upper tick marks correspond to the nuclear reflections and lower tick marks
correspond to the magnetic reflections. The blue line corresponds to the difference
between experimental data and the model consisting of both nuclear and magnetic
phases.
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Figure 8.7 Polyhedral representation of the magnetic and nuclear structure of BaFe4O7
(left) and magnetic-atom only representation (right). The unit cell is outlined with the
blue dashed line.
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the tetrahedral iron, and ferromagnetic order is possible between the tetrahedral and
octahedral iron, as shown in Figure 8.8. Low magnetic moments such as 4.2 µB for Fe(III)
determined from neutron diffraction measurements are commonly observed and are
typically understood to result from the partial covalent nature of the metal-oxygen
bonds.24,25 Magnetic order along the c axis is commonly reported for ferrite structures,
chief among them the hexaferrites,14 further corroborating this result.
The crystal and magnetic structures of K0.22Ba0.89Fe4O7 at 350 K were also studied
with neutron powder diffraction on HB-2A, the results of which are shown in Figure 8.9.
Similarly to BaFe4O7, the neutron powder diffraction data at T<TN indicated differences
in intensities between the Rietveld refinement nuclear model and the collected data,
suggesting magnetic order, shown in Figure 8.10. As a result of the similarity between
the

structure

and

resultant

neutron

diffraction

data

between

BaFe4O7

and

K0.22Ba0.89Fe4O7, the same magnetic model was fit to determine if a discernable
difference was present between the magnetic structures of the two compounds. The best
fit of all magnetic scattering intensities for K0.22Ba0.89Fe4O7 resulted from a magnetic
model containing both Γ1 and Γ5, corresponding to spins along the c-axis, and both a and
b axes, respectively, shown in Figure 8.11 The corresponding Rmag values for both
compositions, before and after introducing canting, are listed in Table 8.2. The octahedral
iron moment, 4.2(0.3)µB, and the tetrahedral iron moment, 4.4(0.4)µB, are the same,
within experimental error, as those determined for BaFe4O7. The moment along the a and
b axes, with a canting angle of 18.0(0.4)° off the c axis, was greater than that found for
BaFe4O7.
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Figure 8.8 Polyhedral representation of the magnetic and nuclear structure of BaFe4O7,
illustrating the local coordination environment of the tetrahedral iron. The octahedral iron
bond angles are close to 90° and are expected to be ferromagnetic. The Feoct-O-Fetet bond
angles deviate significantly from 180°, destabilizing antiferromagnetic order, making
ferromagnetic order possible.
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Figure 8.9 Neutron powder diffraction pattern (λ=2.41 Å) of K0.22Ba0.89Fe4O7 taken at
348.15 K shown in red, overlaid with the nuclear model, shown in black. Upper tick
marks correspond to the nuclear reflections.
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Figure 8.10 Neutron powder diffraction pattern (λ = 2.41 Å) of K0.22Ba0.89Fe4O7
collected at 350 K. Data shown in red, fit to the nuclear structure and magnetic models,
Γ1 and Γ5, shown in black. Upper tick marks correspond to the nuclear reflections and
lower tick marks correspond to the magnetic reflections. The blue line corresponds to the
difference between experimental data and the model consisting of both nuclear and
magnetic phase.
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Figure 8.11 Polyhedral representation of the magnetic and nuclear structure of
K0.22Ba0.89Fe4O7 (left) and magnetic-atom only representation (right). The unit cell is
outlined with the blue dashed line.

Table 8.2 Agreement Indices (Rmag) for BaFe4O7 and K0.22Ba0.89Fe4O7 with no spin
canting (Γ1 only) and with spin canting (Γ1 and Γ5).
Empirical formula
Rmag (Γ1)
Rmag (Γ1 and Γ5)

BaFe4O7
6.32
3.17

K0.22Ba0.89Fe4O7
6.17
2.98
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The observed increase in spin canting in the potassium doped diferrite structure is
indicative of increased magnetic frustration, which is reduced by the increased canting.
This result is common among hexaferrite structure types and it is reasonable to expect
similar behavior to occur in the structurally related diferrite compositions.14 One possible
cause for this increased frustration in K0.22Ba0.89Fe4O7 is an increase in ferromagnetic
ordering strength in the honeycomb lattice, evidenced by less distorted octahedra
compared to BaFe4O7, shown in Figure 8.12. Additionally, as a result of the more regular
octahedra, there is a smaller difference in the Feoct-O-Fetet bond angles between the
octahedral and tetrahedral iron, strengthening the ferromagnetic superexchange pathway,
causing increased frustration that manifests itself as spin canting, shown in Figure 8.13.
The degree to which the spin canting and ordering temperature were effected by
such small dopant amounts, especially non-magnetic dopants, demonstrates how critical a
role doping plays in the property modification of this and other structurally related
ferrites. The findings presented in this manuscript suggest that other dopants, in particular
magnetic dopants, could alter both the magnetic and nuclear structure of diferrites.
Conclusion
In summary, we have reported a new polymorph of BaFe4O7 as well as the first
doped diferrite structure, K0.22Ba0.89Fe4O7. These isostructural compositions crystallize in
a new structure type and both BaFe4O7 (TN = 850 K) and K0.22Ba0.89Fe4O7 (TN = 870 K)
have exceptionally high ordering temperatures exceeding even that of the structurally
related hexaferrites. The magnetic structures of the two diferrites were determined to be
canted antiferromagnets by powder neutron diffraction measurements.
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Figure 8.12 Comparison of honeycomb lattice in BaFe4O7 (left) and K0.22Ba0.89Fe4O7
(right). The irregular octahedra in both compositions contain three long bonds and three
short bonds, with the iron atoms forming an “up-down-up-down-up-down” arrangement
in the six member rings. The edge-shared octahedra in K0.22Ba0.89Fe4O7 are significantly
less distorted.
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Figure 8.13 Polyhedral representation of the magnetic and nuclear structure of
K0.22Ba0.89Fe4O7, illustrating the local coordination environment of the tetrahedral iron.
The decreased distortion in the octahedral layer, when compared to BaFe4O7, results in
the Feoct-O-Fetet bond angles to be nearly identical.
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APPENDIX A
COMPLEX HEAVY 5d OXIDES
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A.1 La0.87K0.13Fe0.94Os0.06O3
Experimental Section
Reagents. La2O3 (Alfa Aesar 99.99%), Fe2O3 (Alfa Aesar 99.5%), Os powder
(J&J Materials, 99.98%), and KOH (BDH, ACS Grade) were used as received.
Synthesis. Single crystals of La0.87K0.13Fe0.94Os0.06O3 were grown from a
potassium hydroxide flux. La2O3 (1 mmol), Fe2O3 (1 mmol), Os (1 mmol), and KOH
(7g) were loaded into silver tubes that were crimped and TIG welded on one end. The
silver tubes were heated to 600 °C at 600 °C/hr, held there for 24 hr, and then allowed to
cool to room temperature by turning off the furnace. The black cubes were removed from
the solidified flux matrix by dissolution in water, assisted by sonication. The crystals
were isolated by vacuum filtration.
Single Crystal X-ray Diffraction.
X-ray intensity data from black cubelike block were collected at 301(2) K using a
Bruker D8 QUEST diffractometer equipped with a PHOTON-100 CMOS area detector
and an Incoatec microfocus source (Mo Kα radiation, λ = 0.71073 Å) The data collection
covered 100% of reciprocal space to 2θmax = 90.9º, with an average reflection redundancy
of 35.8 and Rint = 0.021 after absorption correction. The raw area detector data frames
were reduced and corrected for absorption effects using the SAINT+ and SADABS
programs. Final unit cell parameters were determined by least-squares refinement of 1889
reflections taken from the data set. Coordinates from the parent CaTiO3 perovskite
structure type were used as an initial structural model. Subsequent difference Fourier
calculations and full-matrix least-squares refinement against F2 were performed with
SHELXL-20171 using the ShelXle interface.2
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The compound crystallizes in the cubic system, and adopts the perovskite
(CaTiO3) structure type. No systematic absences were observed in the intensity data. The
space group Pm-3m (No. 221) was eventually confirmed by structure solution and
refinement. The asymmetric unit consists of one mixed La/K site (La1/K1, Wyckoff site
1a, site symmetry m-3m), one mixed Fe/Os site (Fe1/Os1, site 1b, m-3m) and one oxygen
atom site. Oxygen atom O1 is located on site 12h (mm2.. symmetry, xyz = 0.4229, ½, 0),
generating four symmetry-equivalent 1/4-occupied sites. O1 is disordered about site 3c
(xyz = ½, ½, 0), the typical anion site in an ordered CaTiO3-type perovskite. Refining O1
on site 3c resulted in an unacceptably large and oblate oxygen displacement ellipsoid.
Displacing O1 away from site 3c produced a reasonable oxygen ellipsoid which was
stable toward free refinement. Metal site mixing was assigned by trial refinements of the
metal atom site occupancies. Initially refined as 100% La (1a) and Fe (1b), the site
occupation factors (sofs) for both sites showed significant negative (La) or positive (Fe)
deviations from full occupancy upon refinement. This was interpreted as site mixing of
potassium onto the La site and osmium onto the Fe site. This is in accordance with
elemental analysis (Energy Dispersive Spectroscopy) data showing these elements to be
present in the crystals. Each site was constrained to full occupancy. The final sofs refined
to: La1/K1 = 0.866(13)/0.134(13) and Fe1/Os1 = 0.945(5)/0.055(5). Refinement of the
oxygen atom sof yielded 0.26(1), consistent with the 1/4-occupied fourfold disorder
model, and was fixed at 0.25 for subsequent cycles. All atoms were refined with
anisotropic displacement parameters. The largest residual electron density peak and hole
in the final difference map are +0.52 and -0.30 e-/Å3, located 1.66 Å from O1 and 1.61 Å
from K1.
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Examination of precession images synthesized from the dataset using the Bruker
APEX3 software programs showed no evidence for a larger unit cell, and all observable
reflections could be indexed to the reported primitive cubic unit cell. The low cubic Rint
value (0.021) and excellent refinement statistics (R1/wR2 = 0.0082 / 0.0150, also suggest
no inconsistency with the reported symmetry. Identical four-fold oxygen disorder was
observed in refinements with lower symmetry cubic space groups (P432, P-43m, P4132).
From the room-temperature data the best structural model is a disordered cubic
perovskite in space group Pm-3m with fourfold disorder of the oxygen position and site
mixing on both metal sites with no ordering. The oxygen disorder persists at low
temperature, as a dataset collected at T = 100 K using the same data crystal gave identical
results.

A.2 Nd2-xSrxIr2O7 [x = 0.23-0.26]
Experimental Section
Reagents. Nd2O3 (Alfa Aesar 99.99%), SrCO3 (Alfa Aesar 99.5%), Ir powder
(Engelhard, 99.9995%), and NaCl (BDH, ACS Grade) were used as received.
Synthesis. Single crystals of Nd2-xSrxIr2O7 [x = 0.23-0.26] were prepared by first
synthesizing polycrystalline powder of Nd9Sr2Ir4O24, as explained in Chapter VII. This
powder was then placed in an alumina crucible with a loose fitting lid with NaCl as the
flux. The alumina crucibles were heated to 1000 °C at 600 °C/hr, held there for 240
hours, slow cooled at a rate of 5 °C/hr to 700 °C, and then allowed to cool to room
temperature by turning off the furnace. The black octahedral crystals were removed from
the solidified flux matrix by dissolution in water, assisted by sonication. The crystals
were isolated by vacuum filtration.
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Figure A.1 Polyhedral representation of La0.87K0.13Fe0.94Os0.06O3 with the split site La/K
shown as blue spheres and the split site Fe/Os shown in grey. The four fold oxygen
symmetry for the oxygen atoms, shown as red spheres, is present for all six surrounding
oxygen. The unit cell is shown as a dashed blue line.

314

Table A.1 Crystallographic Data for La0.87K0.13Fe0.94Os0.06O3
Empirical formula

La0.87K0.13Fe0.94Os0.06O3

Formula Weight
(g mol-1)
Space group
Unit cell dimensions
a (Å)
V (Å3)
Z
Density (calculated)
(g cm-3)
Absorption coefficient
(mm-1)
F(000)
Crystal size (mm)
Θmax (deg)
Reflections collected
Independent Reflections
collected
Goodness-of-fit on F2
R indicies (all data)

236.79

Largest diff. peak.hole
(e- Å-3)

Pm-3m
3.9268(10)
404.06(3)
1
6.494
23.595
105
0.04 x 0.03 x 0.03
45.445
2795
78 (Rint = 0.0210)
1.171
R1 = 0.0082
wR2 = 0.0149
0.519 and -0.302
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Single Crystal X-ray Diffraction.
X-ray intensity data from black octahedral crystals were collected at 301(2) K
using a Bruker D8 QUEST diffractometer equipped with a PHOTON 100 CMOS area
detector and an Incoatec microfocus source (Mo Kα radiation, λ = 0.71073 Å). Data were
collected for three separate crystals. Data collections covered 100% of reciprocal space to
2θmax = 80.4º, with average reflection redundancies > 21.0 and Rint = 0.025 – 0.030 after
absorption corrections. The raw area detector data frames were reduced and corrected for
absorption effects using the SAINT+ and SADABS programs. Final unit cell parameters
were determined by least-squares refinement of large sets (minimum 1512) of reflections
taken from each data set. As an initial structural model, coordinates from the known
structure of cubic, pyrochlore-type Nd2Ir2O7 were used. Subsequent difference Fourier
calculations and full-matrix least-squares refinement against F2 were performed with
SHELXL-20171using the ShelXle interface.2
The compound crystallizes in the cubic system. The space groups Fd-3 and Fd3m were consistent with the pattern of systematic absences in the intensity data; Fd-3m
(No. 227) was confirmed by structure solution. The compound adopts the pyrochloretype structure, consisting of one Ir atom (Ir1, Wyckoff site 16d, site symmetry .-3m), one
mixed Nd/Sr site (Nd1/Sr1, site 16c, symmetry .-3m) and two oxygen atoms (O1, site 48f,
symmetry 2.mm; O2, site 8a, symmetry -43m). Nd/Sr site mixing was identified by trial
refinements of the site occupation factor of Nd1. For dataset 1, free refinement of the
Nd1 sof resulted in Nd1(sof) = 0.948(3), accompanied by a reduction in R-values from
R1/wR2 = 0.022/0.063 to 0.010/0.029. The residual electron density difference map was
also improved, from +2.93/-3.71 e-/Å3 to +0.63/-0.63 e-/Å3. Crystals 2 and 3 showed
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similar improvements. These observations are consistent with a slight admixture of
strontium onto the Nd site in all crystals. This is in accordance with elemental analysis
(Energy Dispersive Analysis) data, which established the presence of Sr in crystals of the
sample. For refinement, site 16c was constrained to full occupancy. All non-hydrogen
atoms were refined with anisotropic displacement parameters. Trial refinements of Ir site
occupancies in the three crystals resulted in values in the range 0.99(1) – 1.01(1), and
were fixed at one for the final cycles.

A.3 Ba4Ni0.6Ir2.4O10
Experimental Section
Reagents. BaCO3 (Alfa Aesar 99.95%), NiO (Sigma Aldrich 99.999%), Ir
powder (Engelhard, 99.9995%), and K2CO3 (BDH, ACS Grade) were used as received.
Synthesis. Single crystals of Ba4Ni0.6Ir2.4O10 were grown from a potassium
carbonate flux. BaCO3 (3 mmol), NiO (1 mmol), Ir (1 mmol), and K2CO3 (9.5g) were
loaded into alumina crucibles with loose fitting lids. The alumina crucibles were heated
to 1150 °C at 600 °C/hr, held there for 10 hours, slow cooled at a rate of 5 °C/hr, and then
allowed to cool to room temperature by turning off the furnace. The black plate-like
crystals were removed from the solidified flux matrix by dissolution in water, assisted by
sonication. The crystals were isolated by vacuum filtration.
Single Crystal X-ray Diffraction.
X-ray intensity data from a black plate crystal were collected at 100(2) K using a
Bruker D8 QUEST diffractometer equipped with a PHOTON 100 CMOS area detector
and an Incoatec microfocus source (Mo Kα radiation, λ = 0.71073 Å).
The data collection covered 100% of reciprocal space to 2θmax = 75.86º, with an
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Figure A.2 Polyhedral representation of Nd2-xSrxIr2O7 with the split site Nd/Sr shown as
blue spheres and Ir shown in grey. The unit cell is shown as a dashed blue line.
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Table A.2 Crystallographic Data for Ba4Ni0.6Ir2.4O10
Empirical formula

Ba4Ni0.6Ir2.4O10

Formula Weight
(g mol-1)
Space group
Unit cell dimensions
a (Å)
b (Å)
V (Å3)
Z
Density (calculated)
(g cm-3)
Absorption coefficient
(mm-1)
F(000)
Crystal size (mm)
Θmax (deg)
Reflections collected
Independent Reflections
collected
Goodness-of-fit on F2
R indicies (all data)

1204.33

Largest diff. peak.hole
(e- Å-3)

Cmca
5.7874(3)
13.2368(6)
1013.89(8)
4
7.890
47.650
2020
0.06 x 0.04 x 0.03
37.928
33260
1476 (Rint = 0.0397)
1.178
R1 = 0.0225
wR2 = 0.0490
2.206 and -1.964
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average reflection redundancy of 22.1 and Rint = 0.0397 after absorption correction. The
raw area detector data frames were reduced, scaled and corrected for absorption effects
using the SAINT+ and SADABS programs. Final unit cell parameters were determined
by least-squares refinement of 9392 reflections taken from the data set. An initial
structural model was obtained with SHELXS.1 Subsequent difference Fourier
calculations and full-matrix least-squares refinement against F2 were performed with
SHELXL-20142 using the ShelXle interface.2
The compound crystallizes in the orthorhombic system. The space group Cmca
(No. 64) was suggested by the pattern of systematic absences in the intensity data and
was confirmed by structure solution. The compound adopts the Sr4Mn3O10 structure type,
and is isostructural with Ba4Ir3O10 and Ba4Co0.4Ir2.6O10.4 The asymmetric unit consists of
two barium atoms and one iridium atom located on mirror planes (Wyckoff site 8f), a
mixed iridium / nickel site on the origin (site 4a, symmetry 2/m..) and four oxygen atoms.
O1 and O3 are located on mirror planes (site 8f), O2 on a general position (site 16g), and
O4 on a two-fold axis (site 8e, site symmetry .2.). One of the transition metal sites
(Ir1/Ni1, site 4a) was refined as a disordered nickel and iridium site. Total site occupancy
was constrained to unity, and refined to Ir1/Ni1 = 0.389(3)/0.611(3). The iridium / nickel
mixing was identified by the behavior of the displacement parameters upon modeling the
site as fully occupied by either iridium (abnormally large Uij parameters), or nickel
(vanishingly small Uij parameters). Both fully occupied models were also accompanied
by poor R-factors and difference map features. Mixing was been previously observed on
the same site in this structure type.4 All atoms were refined with anisotropic displacement
parameters. No deviation from full occupancy was observed for the barium metal atoms
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or for Ir2. The largest residual electron density peak and hole in the final difference map
are +2.21 and -1.96 e-/Å3, located 0.55 Å from Ba2 and 1.20 Å from Ir2, respectively.
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Figure A.3 Polyhedral representation of Ba4Ni0.6Ir2.4O10 with Ba shown as blue spheres,
Ni shown in green, and Ir shown in grey. The unit cell is shown as a dashed blue line.
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APPENDIX B
PRELIMINARY HIGH-RESOLUTION X-RAY RESONANT EXCHANGE
SCATTERING STUDIES
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Preliminary high-resolution x-ray resonant exchange scattering studies (XRES)
were performed on 6-ID-B,C beam line of the Advanced Photon Source on Ln2NiIrO6
(Ln = La, Pr, Nd) to gather complementary information on the magnetic structure,
determined via powder neutron diffraction studies at Oak Ridge National Laboratory on
instrument HB-2A. Although X-ray diffraction revealed a high degree of crystalline
quality, multiple scattering in explored regions of reciprocal space made investigations of
magnetic structure impractical. Future XRES studies on these systems need to take this
into account, to obtain further information about the magnetic behavior of Ir.
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